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ABSTRACT
MECHANICAL PROPERTIES AND DURABILITY OF A 
COMPOSITE MATERIAL AT CRYOGENIC TEMPERATURES
by
Ray Walton Grenoble 
Old Dominion University, 2006 
Director: Dr. Ramamurthy Prabhakaran 
Co-Director: Dr. Thomas Gates
Several issues relevant to the use of a high-performance graphite-epoxy material in 
hydrogen storage tank applications have been examined. The tensile properties of 
IM7/977-2 were evaluated as a function of test temperature and thermal-mechanical load 
history. The temperature dependent coefficient of thermal expansion (CTE) of 
unidirectional specimens of the same material was measured between -200°C and 0°C. 
The effects of test temperature, mechanical loading, and damage state on the leak rate of 
hydrogen gas through IM7/977-2 laminates were evaluated using a novel test system. 
Finally, the mechanical properties of several commercially available polymer films, 
which might prove useful as leak-resistant liners for composite cryogenic fuel tanks, were 
evaluated at elevated and cryogenic temperatures.
The mechanical property study of IM7/977-2 showed that the effects of exposure to a 
cryogenic fuel tank environment varied significantly with test temperature and laminate 
schedule. Matrix dominated properties were found to be the most strongly affected by 
cryogenic test temperature exposure. Fiber-dominated properties were found to be 
comparatively insensitive to cryogenic test temperature.
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The CTE measurements showed that the cryogenic conditioning did not have marked 
effects on the thermal expansion behavior of IM7/977-2. Transverse CTE was Coefficient 
of thermal expansion was calculated strongly temperature-dependent.
The leak rate study revealed that both mechanical loading and decreasing test 
temperatures increase the leak rate of gaseous hydrogen through the microcrack network 
within a damaged composite laminate. The effect of temperature on permeability was 
shown to be stronger than that of tensile loading. At low damage levels, proportionality 
was demonstrated between the number of crack junctions present within the laminate and 
the hydrogen gas leak rate. At higher damage levels this proportionality was not as clear, 
perhaps due to the greater role played by delaminations in gas leakage.
In the polymer film study, large differences were observed in tensile modulus and 
tensile strength at 23°C and 65°C. At -150°C, the differences were far smaller and the 
behavior of all of the films was uniformly brittle in nature.
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1I. INTRODUCTION 
A. Review of Recent Literature
Future space transportation vehicles will put a premium on the design of lightweight 
structures and materials to meet increased demands on performance. For spacecraft 
fueled by cryogenic fluids, one area identified as a potential source for significant weight 
reduction is the replacement of traditional metallic cryogenic fuel tanks with advanced 
polymeric matrix composite (PMC) tanks. The interest in using PMCs in cryogenic-fuel 
tanks for spacecraft using polymeric composite materials goes back several years to the 
research associated with the National Aerospace Plane, the Single-Stage-To-Orbit 
vehicles, and the Next Generation Launch Technology program.1'5 For these launch 
vehicle technology development efforts, PMC tank concepts were proposed for both the 
liquid-oxygen tanks and the liquid-hydrogen tanks. These studies addressed weight and 
cost benefits as well as the complex technical issues such as fatigue crack resistance and 
oxidation-corrosion resistance. As these studies matured, it was recognized that damage 
development within PMC tanks would result in changes in mechanical properties and 
reductions in permeation resistance.
At cryogenic temperatures, residual tensile stresses can approach the tensile strength 
of the resin. These thermally-induced tensile stresses greatly reduce the mechanical load 
levels needed to initiate internal damage and so reduce the load carrying capacity of the 
laminate. Additional stresses are placed on cryotank materials due to the cyclic nature of 
mechanical loads and temperature changes. With the aforementioned issues in mind, 
proposing the use of PMC’s as cryotank materials raises significant questions about the
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2durability of laminated composites in cryogenic applications. In the introductory sections 
of this dissertation, the effects of cryogenic temperature on the mechanical properties of 
PMC’s are discussed. Recent literature, relevant to the use of PMC’s in cryogenic fuel 
tanks, is reviewed.
1. The Effect o f Cryogenic Temperature on Thermal Expansion Characteristics
The macroscopic thermal expansion behavior of materials is dependent on the nature 
of the forces that bond atoms and molecules together. Atoms within a polymer molecule 
are typically bound by covalent bonds. These bonds are strong, and the interatomic 
spacing is small. Intermolecular attraction in polymers is due to van der Waals forces, 
which are comparatively weak in comparison to chemical bonds. In addition, the distance 
between molecular chains within a polymer is larger than the interatomic distances within 
molecules. As temperature increases, the amplitude of atomic thermal vibrations 
increases. Because of the stiffness of covalent bonds within the polymer chain and the 
free volume between polymer chains, vibrational modes transverse to the polymer 
backbone are favored. These transverse vibrations cause the average distance between 
molecules to increase and a positive coefficient of thermal expansion (CTE) results. If the 
polymer has no long-range order, or if the crystallites within a semi-crystalline polymer 
are small and randomly oriented, then the polymer CTE is isotropic.
Graphite fibers are composed largely of planes of carbon atoms, which are oriented 
along the fiber length. The atoms within the planes are strongly bonded via carbon- 
carbon bonds. The graphitic planes themselves are weakly bound by van der Waals 
forces. Similar to polymer chains, the distance between graphitic planes in graphite fibers 
is larger than the interatomic spacing within the graphitic planes. Thermal vibrations
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3transverse to the graphitic planes are favored over in-plane vibrations, so increases in 
temperature cause the spacing between graphitic planes to increase. Because the carbon- 
carbon bond is so stiff and out-of-plane motion predominates, increases in temperature 
induce tensile forces in the graphitic planes. Consequently, graphite fibers exhibit a small 
negative CTE in the fiber direction and a significant, positive CTE in the transverse 
direction.
Structural PMC’s are generally composed of several thin, orthotropic layers of 
parallel fibers imbedded in the matrix resin. Within a single ply, because fiber modulus is 
far larger than that of the resin, the fiber CTE dominates composite thermal expansion 
behavior in the fiber direction. Hence, within each lamina, composite CTE in the fiber 
direction is slightly negative. Since both matrix CTE and fiber transverse CTE are 
positive, lamina transverse CTE is positive and is often an order of magnitude larger than 
longitudinal CTE. Composites are typically manufactured with a variety of fiber 
orientations depending on design requirements. Laminate CTE is highly dependent on the 
laminate stacking sequence.
Numerous researchers have evaluated the temperature dependence of polymer CTE. 
Schwarz6 measured the temperature dependence of CTE for a number of common 
engineering polymers at temperatures between -269°C and room temperature using a 
dilatometer. All samples exhibited decreasing CTE with decreasing temperature. High- 
temperature thermoplastics, such as PEEK, had the lowest CTE’s, approximately half as 
large as the epoxy sample that he tested. Ventura et al.7 and Barucci et al.8 did similar 
work on Nylon and Torlon, a high temperature thermoplastic, using a laser interferometer 
to measure strains. A plot of CTE of Torlon as a function of temperature is shown in
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4Figure 1. Clearly CTE decreases dramatically as temperatures near absolute zero. Though 
the magnitude of CTE varies among polymers, the trend in temperature dependence of 
the CTE of Torlon is similar to that of many other common polymers reported in the 
literature. Kulkami and co-workers9 measured the transverse CTE of IM7 graphite fibers 
over a temperature range of -180°C to 1800°C by analyzing images of fibers taken in a 
transmission electron microscope. They estimated the average transverse CTE for IM7 
over the temperature range to be approximately 6xlO‘6/°C. Considering the temperature 
extremes over which CTE was measured, this should be a conservative value for this 
fiber at cryogenic temperature. This CTE value is far smaller than that of the epoxy resin 
analyzed by Schwarz,6 which had an average CTE of 40x1 (I'V e over a temperature 
range of approximately -265°C to 25°C.
The CTE of a polymer matrix composite is a function of the CTE’s of the two 
constituents. An example of thermal strain as a function of temperature, typical for 
unidirectional graphite /epoxy composite is shown in Figure 2, which was taken from 
reference.10 This data is for a high-strength, unidirectional graphite fiber/epoxy, 
HT300/(X183/HY905). The general trends of strain curves shown in Figure 2 are typical 
of unidirectional graphite/epoxy composites. Temperature decreases cause a small 
positive strain in the longitudinal direction and a large negative strain in the transverse 
direction.
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Figure 2. Temperature dependence o f  thermal expansion o f unidirectional 
carbon/epoxy com posite10.
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6The vast majority of composite CTE data in the literature is for glass-reinforced 
composites and high-strength graphite fiber composites, which are widely used in 
fabrication of mechanical supports for superconducting magnet systems. Little low- 
temperature CTE data is available on aerospace materials. Accurate prediction of residual 
thermal stress development within composite cryotank laminates will require accurate 
CTE data for aerospace composite materials over a wide temperature range.
2. Residual Thermal Stress Development and M icrocrack Damage in Laminated  
Composites at Cryogenic Temperatures
Aerospace composite laminates are typically composed of many unidirectional plies, 
with fiber angles varying systematically between the laminae. Because of the large 
difference in lamina CTE in the transverse and longitudinal directions, when temperature 
drops, the transverse thermal contraction within any single lamina is constrained by the 
presence of the fibers in adjacent laminae. This effect results in the development of 
tensile stress within the matrix resin at all temperatures below the matrix softening point. 
As temperature decreases, the magnitude of this transverse tensile stress will increase.
When the transverse tensile stress within a composite lamina exceeds the tensile 
strength of the resin, the resin fails. This failure takes the form of a microcrack, oriented 
in fiber direction and normal to the plane of the lamina interfaces. Microcracks may 
propagate only part of the way through a lamina thickness or they may span the thickness 
of the entire lamina and terminate at the lamina interfaces. Microcracking degrades 
mechanical properties and can initiate more severe damage mechanisms, such as 
delamination.
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Recent studies have been published on composite microcracking. Yokozeki et al." 
present a typical investigation of the initiation and propagation of transverse microcracks 
under static and fatigue loading conditions at room temperature. Test samples took the 
form of rectangular coupon and tubes. Using acoustic emission sensors, specimens were 
statically loaded until first failure was detected. Coupons were examined for crack 
location and length using radiography. Tubes were examined via C-scan ultrasonics. In 
rectangular coupons, they found that cracks initiated at free edges. Edge crack density 
then increased until it neared the saturation point. After saturation, the cracks then 
propagated into the interior of the coupon specimen. Increases in transverse lamina 
thickness decreased the strain required to propagate cracks. The crack initiation stress for 
tubes was found to be nearly equivalent to that required to reach edge crack saturation 
density in rectangular coupons and then propagate full width cracks.
Because thermal stresses arise from a mismatch in fiber and resin CTE's, the 
sensitivity of a given composite material to thermally-induced damage is strongly 
dependent on the mechanical properties of the fiber and resin used. A study at the 
University of Washington12 investigated the influence of matrix and fiber properties on 
the microcracking behavior of carbon fiber/epoxy laminates. Several prepregs were 
developed based on three carbon fibers (standard, intermediate, and high modulus) and 
several resins of various epoxy equivalent weights, several curing agents, and a rubber 
toughening agent. The resulting materials had a wide range of CTE mismatch between 
fiber and matrix and a range of matrix modulus and toughness. Panels were fabricated, 
using a microcrack sensitive layup (03/90j)s. Test specimens were thermally cycled by 
submerging them in liquid nitrogen for ten minutes and allowing them to warm to room
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8temperature. This was repeated for a minimum of five thermal cycles or until the edge 
crack density stabilized.
When all of the material systems were examined as a group, the edge crack density 
of conditioned composites was found to be strongly dependent on matrix glass transition 
temperature (Tg). Stiffer, stronger resins (with high Tg) showed minimal microcracking 
while weaker, lower-modulus resins cracked. One explanation for the effect is that the 
low-modulus resins had a higher relative CTE, which raised thermal stress levels in those 
laminates. The higher temperature materials were also stronger, and thus required greater 
thermal stress to initiate cracking. For all resin systems, increasing fiber modulus and 
fiber CTE was found to increase the resulting edge crack density. Specimens made from 
the toughest matrix resins were found to have the lowest crack densities, even though 
they were probably not the strongest. The rubber-toughened resin formulations did not 
microcrack at all, except when used with the high modulus fiber, which also had the 
highest CTE of all fibers evaluated.
Toughened epoxy resins appear to be some of the most attractive candidates for use 
at cryogenic temperatures, yet their mechanical properties can be strongly affected by 
exposure to cryogenic environments. Schoeppner et al.13 measured the lamina-level 
material properties of IM7/977-3 and first-ply failure stress in several microcrack- 
sensitive laminates at room temperature and at -196°C. An incremental loading procedure 
was used at cryogenic temperature, and the specimen edge was examined between 
loadings to determine if microcracking had occurred. Cryogenic temperature was found 
to produce a 22 to 31 percent reduction in first-ply failure stress, compared to tests at 
room temperature. The effect depended on the laminate stacking sequence. Specimens
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9tested at cryogenic temperature to the stress level of first damage were found to have a 
higher crack density than those tested at room temperature. This result indicates that 
microcrack formation at cryogenic temperature dissipates less energy than microcracking 
at higher temperature. As a consequence, damage progression and the changes in 
mechanical properties, resulting from a given mechanical load history, may be different 
when damage occurs at room temperature versus cryogenic temperature.
Lamina thickness and fiber orientation affect the stress levels within a laminate. 
Flaggs and Kural14 looked at the effect of 90° lamina thickness and the orientation of 
adjacent laminae on transverse microcracking of epoxy/graphite fiber laminates. They 
tested one-inch wide coupons of T300/934. Laminates were fabricated with the layups: 
(0:/90n)s, (±30/90n)s, and (±60/90„), where n is the number of adjacent 90° plies. Test 
specimens were subjected to incrementally increasing static loads. After each load 
increment, the specimen was examined radiographically for the presence of microcracks. 
Their work showed that decreasing the thickness of the 90° laminae increased the stress 
required to initiate microcracking. Increasing the angle between the 90° laminae and their 
adjacent laminae also increased the microcrack initiation stress. The effect of lamina 
thickness was attributed to a change in the constraining effect of adjacent plies. The 
effects of lamina thickness on damage initiation and propagation can be expected to be 
particularly important in composite laminates intended for use in cryogenic applications. 
Reductions in facture toughness of the matrix resin along with high levels of residual 
tensile stress can be expected to increase the rate of damage development, compared to 
room temperature.13 15 ,6 Reduction in lamina thickness may help to suppress the 
initiation of microcracking.
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Kim and Donaldson17 measured the mechanical properties and microcrack initiation 
stress levels for IM7/977-3 cross-ply laminates at 23°C and -196°C. Using laminate 
theory and maximum stress failure criteria, they predicted failure stress in the laminates. 
They found that the lamina-level transverse strength increased at -196°C. The magnitude 
of applied load needed to initiate microcracking decreased due to an increase in thermal 
residual stresses at cryogenic temperature. Classical laminate theory overestimated first- 
ply failure stress at cryogenic temperature. These results indicate that as temperature 
decreases, the load level at which damage initiation occurs within a composite laminate 
will depend on both increases in lamina-level thermal residual stress and increases in 
lamina-level transverse tensile strength. The temperature at which the first-ply failure 
stress of a composite laminate is minimum will be that which results in the smallest 
difference between transverse strength and the level of thermally-induced residual stress.
In cryogenic fuel tanks, the tendency of PMC’s to microcrack raises issues related to 
the leakage of tank contents. For reasons of vehicle safety and economy, cryogenic fuel 
leakage must be kept to a minimum. Since pressure within a cryogenic fuel tank will be 
low, the cryogenic propellant within the tank will be at a temperature near its boiling 
point. Fuel that finds its way into microcracks within the tank wall can be expected to 
vaporize a short distance into the laminate. This gas can be expected to readily flow along 
the entire length of a microcrack. The tips of microcracks in adjacent plies intersect at the 
interface common to the two laminae. These points of intersection form paths through 
which gas can move between laminae, eventually leading through the entire laminate 
thickness. Understanding the relationship between microcrack density and the damage 
state within the laminate is crucial to effective use of PMC’s in cryogenic fuel tank
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applications. Leakage mitigation methods, such as the use of impermeable tank liners, 
may be required if microcracking is found to be unavoidable.
3. Effects o f  Cryogenic Temperature on the Strength o f Laminated Composites
Composite strength at cryogenic temperatures is influenced by potential changes in 
the tensile strength of the resin and increases in residual thermal stresses. Reed and 
Golda18 19 published two comprehensive literature reviews of the effects of cryogenic 
temperatures on the mechanical properties of fiber-reinforced composites. Figure 3 shows 
some representative longitudinal tensile strength data from Reed and Golda’s reviews. 
The material in each data set is unidirectional epoxy composite reinforced with standard 
modulus carbon fibers. No definitive trends in tensile strength with temperature change 
are evident. However, some material systems showed slight increases in longitudinal 
tensile strength at cryogenic temperatures, while others showed some reduction. Still 
others appear to show a small decrease in strength when their temperature is reduced 
from room temperature to -196°C. On further cooling, their strength increases. Overall, 
no clear trends are apparent. These data seem to indicate that the temperature dependence 
of strength is a complex phenomenon that is material dependent. One general conclusion 
that can be taken from Figure 3 is that cryogenic temperatures do not significantly alter 
the longitudinal tensile strength of many intermediate-modulus carbon fiber/epoxy 
composites.
Compressive strength in the fiber direction depends on the ability of the resin to 
prevent microbuckling of the reinforcing fibers.20 21 Because decreasing temperature can 
be expected to increase resin modulus, longitudinal compressive strength should increase 
as test temperature decreases. The data in Figure 4, also taken from Reed and Golda’s
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reviews, support that reasoning. Of the four standard-modulus carbon fiber/epoxy 
systems shown, all show increases in longitudinal compressive strength with decreasing 
temperature. It is apparent that for two of the materials, beyond a certain point, further 
decreases in temperature result in reductions in compressive strength.
Though tests of unidirectional specimens help to reveal basic trends in the influence 
of cryogenic temperatures on lamina-level material properties, the effects of extremely 
low temperatures on composite laminates depend on the laminate stacking sequence and 
the lamina thickness. The effects of cryogenic temperature on quasi-isotropic laminates, 
which are commonly used in structural applications, cannot be inferred directly from the 
material properties obtained in testing unidirectional specimens. Whitley and Gates22 
performed a detailed study of the effects of load and cryogenic temperature conditioning 
on IM7/PETI-5 carbon fiber/polyimide composite laminates. Laminates were conditioned 
at cryogenic temperatures, both under a static load and also in a stress free condition. 
Residual mechanical properties were measured at -269°C, -196°C, and 23°C. Their 
materials were in the form of unidirectional, cross-ply, angle-ply, and quasi-isotropic 
laminates. The quasi-isotropic laminate included two layers of adjacent transverse plies, 
each three plies in thickness. In their mechanical property testing, they found that the 
longitudinal tensile strength of unidirectional laminates decreased somewhat with 
decreasing temperatures. Long-term exposure to cryogenic temperatures alone was found 
to have little effect on longitudinal tensile strength.
Cryogenically conditioning specimens under a constant strain of 4000 microstrain 
increased tensile strength at -269°C. Like the compression strength data reviewed by 
Reed and Golda,18 19 the effects of temperature on strength were also shown to be
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nonlinear. In many cases, the lowest strength testing condition was found to be -196°C, 
not -269°C.
Whitley and Gates found that the transverse tensile strength of unidirectional 
material decreased at cryogenic temperatures. Conditioning at cryogenic temperature 
apparently offset some of the effect of a cryogenic test temperature. The transverse 
tensile strength of unidirectional laminates, conditioned at -184°C for 555 hours and then 
tested at -196°C, was found to be nearly three times that of specimens that were not 
exposed to cryogenic temperatures prior to testing. Cryogenic conditioning had little 
effect on transverse strength at 23°C, but conditioning led to a decrease in transverse 
strength at -269°C. For all sample conditions in their study, shear strength was found to 
increase dramatically at cryogenic temperatures. At -269°C, shear strength was 50% 
higher than the room temperature value. Though their study of 1M7/PET1-5 was quite 
detailed and provided much data on the cryogenic properties of this polyimide, in actual 
launch vehicles, composite cryotanks are likely to be fabricated from a more economical 
and readily processable material, such as a toughened epoxy. Similar studies must be 
performed on commercially available material systems.
Morino et. al.23 measured the cryogenic tensile and shear properties of quasi- 
isotropic laminates made from several different epoxy-based resin systems. They found 
small decreases in tensile strength at -196°C and -269°C. During some of their tensile 
tests, acoustic emissions measurements were monitored during loading. These tests 
showed that the level of applied load required to initiate microcracking within the 
laminate decreased dramatically when temperature was reduced from 23°C to -269°C. 
Tensile properties were also measured on laminates that had been cycled from -160°C to
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+100°C. Tensile testing was performed after 100 cycles and 500 cycles. Tensile strength 
at -196°C was found to increase by a small amount in the materials that they cycled. 
Interlaminar shear strength (measured at 23°C) decreased with the number of thermal 
cycles.
Cryogenic fuel tanks on reusable launch vehicles will be subjected to elevated 
temperatures on re-entry in addition to cryogenic temperatures while they hold fuel. Use 
of a high temperature-tolerant material reduces the amount of insulation that is required 
to protect it from re-entry heat. Johnson and Gates24 studied the effect of both elevated 
and cryogenic temperatures on the mechanical properties of IM7/PETI-5 and IM7/977-2 
composites. They tested both unidirectional and quasi-isotropic specimens. In this study, 
they found that matrix-dominated properties, such as compressive strength, transverse 
tensile strength, and shear modulus, to be most strongly affected by cryogenic 
temperature. The quasi-isotropic laminates were less affected by temperature change than 
unidirectional laminates. Additional quasi-isotropic specimens were thermal cycled 35 
times from 23°C to either -196°C or -269°C. The residual strength of these specimens 
was found to decrease. Specimens cycled to -269°C had a lower strength than those 
cycled to -196°C, which indicated that the lower minimum temperature induced more 
damage in those specimens.
4. Effect o f Cryogenic Temperature on M odulus o f Laminated Composites
In general, the modulus of carbon fiber-reinforced composites is less strongly 
influenced by cryogenic temperatures than strength. The reason for this is that composite 
modulus is largely a function of the longitudinal modulus of the fiber, which is many 
times greater than the modulus of the resin and does not change greatly with changes in
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temperature. However, in cryogenic applications PMC’s can be expected to microcrack. 
One effect of microcracking is to reduce laminate modulus.
Some representative data, taken from Reed and Golda’s literature review,18 is plotted 
in Figure 5. The data points shown represent several epoxy resin systems reinforced with 
intermediate modulus carbon fibers. The effect of cryogenic temperature on the stiffness 
of these materials is obviously material-dependent. However, the overall effect of 
temperature is modest for the materials considered.
Whitley and Gates’22 study of cryogenically conditioned IM7/PETI-5 indicated that 
cryogenic test temperatures caused modest (less than 10 percent) reductions in the tensile 
modulus of unidirectional laminates that had either been cryogenically conditioned under 
no stress or were tested in as-fabricated condition. Quasi-isotropic specimens showed 
small modulus increases or decreases, depending on the direction of the applied load. 
Cryogenic conditioning in a stress-free state decreased the tensile modulus of [±65]3s 
laminates. The same material, cryogenically conditioned under a constant elongation of 
4000 microstrain, saw modest increases in modulus at cryogenic temperatures.
Johnson and Gates’ study24 of IM7/PETI-5 showed little effect of temperature on 0° 
tensile modulus of unidirectional specimens which had no prior history of exposure to 
cryogenic temperature. Shear modulus increased with decreasing test temperature. The 
modulus of quasi-isotropic specimens was largely unchanged at cryogenic temperature.
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5. Gas Leak Rate Testing in Composite Laminates
Microcracks can provide a path for fluids to infiltrate a laminate. One result of 
through-thickness microcracking is cryopumping. At ambient temperatures, microcracks 
within a laminate primarily contain air. At cryogenic temperatures, some of the 
constituent gases of the air condense. The condensation process forms a partial vacuum, 
which pulls in more air. The process can continue until the cracks fill with liquefied air. 
When the tank is emptied and it warms, the liquefied air vaporizes and greatly expands. If 
the change in temperature is sudden, and/or the resistance of the microcrack network to 
gas flow is high, delamination can occur. This problem was dramatically illustrated 
during fill-drain testing of a composite hydrogen tank in the X33 program.25 This tank 
was of honeycomb sandwich construction. During this testing, air was cryopumped 
through a microcracked outer facesheet and into the cells of the core. After successful 
completion of the test, the tank was permitted to warm. Because of the large volume of 
liquefied air within the honeycomb core cells and the small leak path provided by 
microcracks within the outer facesheet, the pressure within the core rose, eventually 
causing a catastrophic disbond between the core and the inner composite facesheet. This 
failure dramatically illustrated the critical need to understand how microcracks form and 
propagate within a composite laminate at cryogenic temperature. Another related and 
equally important issue is the need to understand the relationship of the permeability of a 
composite laminate to the laminate damage state and applied thermal and mechanical 
loads.
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Given that recent research indicates that the strength and modulus of high- 
performance graphite/epoxy composites are relatively unaffected by cryogenic 
temperature, it is reasonable to expect that cryogenic fuel tanks may be designed such 
that degradation of mechanical properties will not be the limiting factor on tank lifetime. 
It is well established14 26-30 that laminated PMC’s microcrack at cryogenic temperatures 
and that microcracks can provide potential leak paths for gaseous propellant to escape 
from the tank. For reasons of efficient operation and launch vehicle safety, a composite 
cryotank must be able to effectively contain its contents, with minimum leakage, over its 
entire lifetime. In order to predict composite lifetime as a function of accumulated 
damage, an understanding of the dependence of leak rate on the damage state of a 
laminate is necessary.
In one recent study, Anderson et al.31 measured the permeability of a graphite/epoxy 
laminate to gaseous hydrogen at -269°C. Their experimental setup used gas supply and 
vacuum plates on opposite sides of a rectangular PMC coupon. The specimen was 
mounted in a load frame. Cryogenic temperatures were achieved by submersion of the 
entire specimen in a liquid hydrogen bath. A set of concentric Teflon O-rings sealed the 
vacuum attachment to the specimen. Gaseous helium, supplied between the O-rings, 
prevented the liquid hydrogen from bypassing the O-rings. Permeability was measured 
directly through the laminate thickness and also, by offsetting the plates, a combined 
through-thickness/in-plane permeability was assessed. Uniaxial tensile loading was 
varied during testing. Their results showed little relation between leak rates and applied 
load, other than that attributed to new damage initiation. Once damage occurred, varying 
applied load did not affect the leak rate. No testing was done at temperatures other than
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-269°C and the damage state of the specimen during testing was unknown. The use of a 
large amount of liquid hydrogen to cool the specimen raises concerns about potential 
safety problems related to this approach.
In contrast to Anderson’s work under uniaxial loading, Stokes32’34 measured the 
permeability of two graphite fiber/BMl laminates under multi-axial loading. Hydrogen 
gas supply and vacuum attachments were attached to opposites sides of the specimen 
center. One specimen had been pre-conditioned by tensile cycling at room temperature. A 
total of 2500 cycles were run, using a 5000-microstrain maximum tensile strain. The 
specimen was cycled in both the 0° and 90° directions. The permeability of the 
conditioned specimen was approximately 6 orders of magnitude greater than that of the 
similar unconditioned specimens. The permeability of the pre-conditioned specimen 
increased by approximately one order of magnitude under application of a 3000 
microstrain load. This study used a complex eight-tabbed, 23 cm. diameter specimen and 
a unique loading apparatus. Though they demonstrated a relationship between strain and 
permeability, a practical method to characterize the gas leak behavior of damaged 
composites will require simple test specimens and must be performable using common 
laboratory equipment.
Kumazawa and his coworkers35 measured the room temperature permeability of two 
cross-ply PMC's to gaseous helium. Their study used cruciform-shaped coupons, which 
were subjected to uniaxial and biaxial loads. C-scan ultrasonics was used to assess crack 
density, and permeability was measured at a single level of damage. This study found 
clear increases in leak rates with increasing mechanical strains under uniaxial and biaxial 
loading conditions. Leak rates under unidirectional loads were approximately one half
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those measured under biaxial loading. The experimental apparatus used in this work was 
similar in concept to that used by Stokes. The specimen was impracticably large and the 
multi-axial loading required specialized equipment. The use of this type of complex, 
multiaxial loading apparatus may be valuable in establishing empirical relationships 
between permeability measurements made under uniaxial loading to those that can be 
expected under multiaxial loads. However, establishing a comprehensive data set that 
relates measured leak rates to damage state, test temperature, and applied loads will 
require a relatively simple test method that can be performed with commonly available 
laboratory equipment.
As part of the investigation into the failure of the composite cryotank developed 
under the X-33 program, Rivers et al.36 developed a method to measure the permeation 
rate of gases through complex structure. Their test specimen was a honeycomb sandwich 
panel, fabricated with IM7/977-2 facesheets, which was loaded in four-point bending.
Gas supply was in the form of liquid hydrogen and liquid helium, which were supplied to 
the honeycomb core through a manifold. A flexible aluminum foil/Mylar film was sealed 
to the side of the specimen under tensile load. The seal material between the specimen 
face and the Mylar film was heated with a water-antifreeze solution to maintain seal 
flexibility at cryogenic temperatures. Gas was pulled from the space between the film and 
the specimen face through a capillary tube. This tube was, in turn, connected to a control 
volume, a vacuum pump, and a mass spectrometer. Flow rate was calculated using the 
pressure rise in the control volume and ideal gas law relations. Calibration testing 
indicated that the conductance of the 1.59 mm. diameter capillary tube under the vacuum- 
side film limited measurement accuracy. A conduit to the control volume with higher
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conductance was needed for accurate measurements at low flow rates. The leak rate data 
that was obtained using liquid hydrogen was more than two orders of magnitude greater 
than that obtained with the same experimental setup using helium. The source of the 
discrepancy in the data was not resolved.
Yokozeki, et al.37 38 measured the effect of applied load and test temperature on the 
leak rate of gaseous helium through a laminated composite. Their test method used a 
tubular composite specimen, mounted vertically within a large, sealed cryostat. During 
room temperature testing, the cryostat was filled with gaseous helium, and during 
cryogenic testing, the cryostat was filled with liquid nitrogen. The inside of the tube was 
evacuated through the load introduction hardware. The vacuum system included a helium 
leak detector. A conical skirt, mounted to the upper loading attachment to the specimen, 
surrounded the tubular specimen. During cryogenic testing, gaseous helium was released 
from a supply tube below the specimen. The skirt trapped the helium gas, which 
displaced the liquid nitrogen around the submerged sample. Static tensile loads were 
applied to the specimen during testing. Load was first applied to the specimen until 
helium leakage was detected. The load could then be varied and permeability measured at 
each load increment. The damage state of the specimen was assessed after testing using 
C-scan ultrasonics. This study found a clear dependence of leak rate on applied load, with 
leak rates at 5000 microstrain, increasing by a factor of up to five times over that 
measured without applied load. Cryogenic temperatures were found to have a smaller 
effect on leak rate than mechanical strains. Further testing under liquid nitrogen typically 
resulted in a doubling of the leak rate over that measured at room temperature. Since the 
specimen was in a sealed cryostat during conditioning and testing, no assessment of
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damage state was possible prior to testing. It is unclear whether it was possible to control 
the amount of damage within the specimen and thereby relate damage state to leak rate.
Alt and Lowry39 measured the permeability of composite laminate coupons to 
hydrogen gas at -269°C, -196°C, 23°C, and 66°C. Their apparatus consisted of a set of 
matched plates, which clamped on opposite sides of the sample. Each plate had a 
recessed face that permitted one surface of the specimen to be exposed to hydrogen gas. 
The recess under the other plate was connected to a vacuum system and a mass 
spectrometer. The plates were sealed to the specimen with indium seals. The apparatus 
was cooled by circulating gaseous helium through a sealed cavity in each plate. Heating 
was supplied by radiant heat lamps. The entire experiment was carried out within a sealed 
vacuum chamber. Samples consisted of sections cut from carbon fiber/epoxy cylinders of 
unspecified diameter. Their study encountered numerous problems with seal leakage 
during cryogenic testing. The pressure required to permit the indium seals to mate 
intimately with the sample caused transverse compression failure in some the samples.
6. Analytical M odeling o f Composite Damage State and Gas Leakage through 
Laminated Composites
Eventual use of PMCs in cryogenic fuel tanks will require the development of 
analytical tools to predict durability as a function of material properties, laminate 
schedule, and thermal-mechanical load history. Since previously cited literature indicates 
that the mechanical properties of aerospace PMCs may not be significantly degraded at 
cryogenic temperature, it is possible that gas permeability due to microcracking may limit 
the useful life of a PMC cryotanks. Therefore, analytical tools must be developed to 
predict permeability of cryogenically-aged composites. Several groups of researchers
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have recently begun development of analytical methods of predicting gas permeation in 
composite laminates.
Noh and Whitcomb40 derived an analytical model for crack opening volume in 
orthotropic laminates, using the Generalized Hooke’s relations. They showed, using three 
different laminates, that crack opening volume could be related to the reduction in lamina 
transverse tensile modulus. The results of the analytical method were compared to those 
of three-dimensional finite element models of composites. Close agreement was found 
with both methods.
In another study,41 Noh and Whitcomb used a finite element approach to look at the 
interaction between transverse microcracks and the growth of delaminations along a 
lamina interface. Their results indicated that delaminations could be expected to 
propagate along microcracks. Based on their results, the dimensions of the crack junction, 
formed by microcracks in adjacent plies, could be estimated. In an extension of that 
study, Noh et al.42 predicted crack opening volumes as a function of crack density, type 
of delamination, and lamina thickness. Lamina thickness was found to have the largest 
effect. Delamination length strongly affected crack junction opening until it exceeded 
twice the lamina thickness. Crack junction opening was shown to increase with a 
decrease in temperature. This work was further extended by Peddiraju et al.,43 who used 
these predictions of crack junction geometry to estimate leak rate through a microcrack- 
damaged composite. A computational fluid dynamics model used the predicted crack 
junction geometries to estimate the conductance of individual crack junctions. The 
conductances of individual junctions were used to estimate the overall effective
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conductance of a five-ply laminate. Leak rate was then predicted at room temperature and 
cryogenic temperature for several crack densities.
Kumazawa et al.44 used a semi-empirical method to model the leakage behavior of 
laminated composites. They took leak rate as a linear function of the result of total 
conductance, a proportionality constant, and the pressure gradient across the laminate. 
However, instead of relying on an analytical estimate of crack junction conductance, they 
simply assumed that laminate conductance was proportional to the size of the opening at 
the crack junctions and the crack densities in adjacent layers. Using crack density 
information from ultrasonic inspection and leak rate data from a series of experiments, 
they chose a proportionality constant to calibrate the results to agree with experimental 
data.
Roy and Benjamin45 derived an expression for delamination-induced crack opening 
displacement for a five-ply cross-ply laminate by modifying Kumazawa’s approach. 
Crack opening was expected to depend on the orientation of neighboring laminae but was 
insensitive to overall stacking sequence. Their model predicts that for a given crack 
density in a cross-ply laminate, crack opening is approximately linearly related to 
delamination length. They later extended that work46"18 to account for arbitrary fiber 
angles. Like Kumazawa’s work, this approach requires an empirical constant to be 
obtained from leak rate experiments.
7. Use o f Polymeric Film Barriers in Laminated Composite Cryogenic Fuel Tanks
The weight savings to be gained by exploiting the structural efficiency of PMC’s in 
cryogenic fuel tank applications has been recognized since the 1960s.49'58 The problems
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with microcrack-related leakage in composite cryotanks were recognized early on, and 
leakage barriers in the form of polymeric films have been evaluated in numerous studies.
Bell et al.57 conducted a study for the Air Force to evaluate polymeric films for use 
as expulsion bladders in cryogenic fuel tanks. A three-ply laminate of Mylar film was the 
most durable material that they tested. They experienced leakage problems during liquid 
hydrogen expulsion tests.
In a related study for NASA, Pope and Isakson58 evaluated the suitability of several 
polymeric films and a number of film/paper and film/felt laminates for use as expulsion 
bladders. In their study, they measured moisture absorption, tear strength, tensile 
properties, and permeability at room temperature. They found that cyclic loading at 
cryogenic temperature produced holes and leakage in all of the materials that they tested. 
They also found significant variation in the tensile properties of some films with 
orientation of the specimen to the longitudinal (roll) direction of the film.
Lark50 summarized work performed at NASA Lewis Research Center (now Glenn 
Research Center) that evaluated the durability of several film/paper bladders in liquid 
hydrogen expulsion testing. Kapton and Mylar films were found to be the most resistant 
to leakage after 25 expulsion cycles. This study found that the use of multiple thin, 
unbonded layers of film increased the cyclic life of the bladders.
Podall and co-workers52 performed an extensive study to evaluate several polymeric 
films as tank liners and expulsion bladders. They evaluated tensile properties at room 
temperature and under liquid nitrogen and measured thermal expansion coefficients.
They found that the modulus of Kapton and Mylar films increased by 173 percent and 88 
percent, respectively, when the testing temperature was reduced from 23°C to -195°C.
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The ultimate tensile strength of Kapton film increased by 70 percent at cryogenic 
temperature, and the tensile strength of Mylar increased 138 percent. Strain-to-failure of 
Kapton film decreased from 31 percent at 23°C to 5 percent at -195°C. The failure strain 
of Mylar decreased from 93 percent to 7 percent at -195°C. Permeability of the films to 
hydrogen gas was measured at ambient and liquid nitrogen temperatures. Three data 
points were obtained for permeability of Mylar film at room temperature, but only one 
point was obtained at -195°C. Room temperature permeability of the Mylar film varied 
by over two orders of magnitude among the three specimens.
Hanson et al.53 evaluated several polymeric films as liners for composite cryogenic 
pressure vessels. They tested the films by fabricating liners for a thin-walled pressure 
vessel. The vessel was pressurized with liquid nitrogen until a 2.5 percent hoop strain was 
measured in the vessel wall. This study found that Kapton and Mylar films failed under 
biaxial loading. However, when the test fixture was modified such that the loading was 
purely hoop strain, some liners survived a number of cycles. Hoggatt49 investigated the 
use of a composite film formed of two metallized layers of Mylar film. Permeability of 
the Mylar film was reduced by approximately four orders of magnitude, but flexibility of 
the film at cryogenic temperature was somewhat reduced when compared to non­
metallized Mylar film.
Alt and Lowry39 measured the permeability of several commercially available 
polymer films to hydrogen and nitrogen gases at room temperature. Their results 
indicated that the permeability of commercial films varied widely among samples taken 
from the same roll.
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Frischmuth51 investigated the suitability of Mylar films as liners for filament wound 
cryogenic fuels tanks. The liners were fabricated oversize and were not bonded to the 
tank walls due to the difference in thermal expansion characteristics between the films 
and tank wall. When the tank was lined with a layer of felt to protect the film from sharp 
edges, the liners were found to survive several fill-drain cycles without tearing.
Caren et al.54 measured the hydrogen gas permeability, tensile strength, and failure 
strain of aluminized Mylar film at 23°C, -196°C, and at -269°C. They found that reducing 
test temperature from 23°C to -196°C reduced hydrogen gas permeability of aluminized 
Mylar film by approximately 18 percent. Their apparatus lacked sufficient sensitivity to 
detect permeability change due to a further temperature reduction to -269°C. The 
modulus of aluminized Mylar film increased by 86 percent when the test temperature was 
reduced from 23°C to -196°C. Tensile strength increased by 64 percent and Strain-to- 
failure decreased from 14 percent to 3.4 percent at -196°C.
B. Conclusions from the Review of Relevant Literature
A considerable amount of research has been performed by various groups to 
determine the effects of cryogenic temperature exposure on the mechanical properties of 
PMCs. Much of this research has been focused on materials that have little use in 
aeronautical applications. The development of analytical tools to predict durability of 
composites used in cryogenic environments will require a comprehensive database of 
mechanical properties of aerospace-grade composite material properties as a function of 
thermal-mechanical load history and as a function of test temperature. Since thermally- 
induced stresses play such a large role in the overall stress state of a PMC laminate at 
cryogenic temperature, the longitudinal and transverse CTEs of a PMC of interest must
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also be known as a function of temperature. Establishment of temperature-dependent 
mechanical properties for a variety of laminates will permit validation of analytical 
predictions of mechanical property degradation.
Limited research has been performed to experimentally investigate the leakage of 
hydrogen gas through microcrack-damaged laminates and the effects of thermal- 
mechanical loads on leak rate. A variety of techniques have been explored, many 
employing complex loading methods, impractical cooling methods, and novel specimen 
geometries. In order to provide the large data set required to validate leak rate models, a 
relatively simple and practical leak test method would be required. The test method must 
be performable in a variety of laboratories, without requiring large investments in highly 
specialized test equipment. To this end, uniaxial loading should be specified, since this 
would enable commonly available load frames to be used. A straight-sided, rectangular 
specimen should be used to simplify specimen fabrication. This specimen must be 
sufficiently large to assure that the test is insensitive to local variations in crack density. 
An effective, easily implemented cooling method, must be devised. Finally, a method of 
introducing controlled, incremental increases in the severity of microcrack damage and of 
monitoring damage progression within the laminate must be developed. Taken together, 
these developments would enable the assessment of composite laminate leak rate as a 
function of laminate damage state, test temperature, and applied mechanical loads.
If fuel leakage within composite tank wall cannot be kept to safe levels, then a means 
of lining the tank with a leak barrier may prove valuable. A primary candidate for this 
type of liner will be a polymer film. Little contemporary data is available in the literature 
on the effects cryogenic temperature exposure on the mechanical properties of polymeric
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films. Much of the existing data is quite dated, and the mechanical properties and 
cryogenic durability of contemporary variants of these materials may differ markedly 
from similar materials tested 40 years ago. In addition to static tensile properties, the 
effect of film moisture content should be evaluated. Since cryotanks are exposed to 
highly dynamic mechanical and thermal loads, dynamic mechanical properties should be 
obtained as a function of temperature, and the effects of thermal cycling on film 
properties should be investigated.
C. Research Objectives
Based on the review of current literature provided, the following objectives are now 
established for this research:
1. Evaluate the effect that cryogenic aging has on the tensile properties of a high- 
performance PMC that appears to have potential use as a structural material in 
cryogenic fuel tanks.
2. Measure the temperature-dependence of CTE of the same PMC.
3. Develop a method to accurately measure the leak rate of hydrogen gas through a 
representative PMC laminate as a function of damage state, applied mechanical 
load, and test temperature.
4. Measure the effect of cryogenic conditioning on the mechanical properties of 
several potential polymeric barrier films.
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II. MATERIALS AND SPECIMEN PREPARATION
Tensile property testing, thermal expansion coefficients measurement, and hydrogen 
gas permeability testing were performed on laminates made of IM7/977-2, a high- 
performance, intermediate modulus carbon fiber-reinforced toughened epoxy.
Rectangular flat panels were fabricated from this material by hand layup of unidirectional 
prepreg, 0.14 mm. in thickness. Each ply within each laminate was oriented relative to a 
designated 0° direction, typically parallel to one edge of the panel. The panels were cured 
by vacuum bag/autoclave processing with a maximum cure temperature of 177°C. Panel 
fabrication was performed by Northrop Grumman Corporation. Through-transmission 
ultrasonic NDE of the panels revealed no significant internal anomalies. Test specimens 
were cut from the panels using either a water-cooled diamond saw or a water jet cutter. In 
non-unidirectional test specimens, the X-direction was designated as parallel to the 
specimen length, and the Y-direction was designated as perpendicular to the specimen 
length. All specimen preparation was performed at NASA Langley.
A. IM7/977-2 Mechanical Property Testing
1. Tensile Test Specimens
All tensile property and coefficient of thermal expansion (CTE) tests were conducted 
on coupon type test specimens that were cut from the larger panels prior to cryogenic 
conditioning. Tensile test specimens were 24.1 cm. long by 1.91 cm. wide and were not 
tabbed. Lamina tensile modulus and tensile strength were determined by testing coupons 
with [0]i2 and [90] 12 fiber orientations. Lamina shear strength and shear modulus were
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determined from the [±45]3s cross-ply laminate. Laminate level tensile properties were 
measured for the [45/903/-45/03]s, [±65]3s, and [65/0/-65/90]s laminates. For sake of 
simplicity, the [45/903/-45/03]s laminates were designated Ortho-A, the [±65]3s laminates 
were designated Ortho-B, and the [65/0/-65/90]s laminates were designated Ortho-C. 
Transverse strain in the [±45]3S specimens was measured with back-to-back bonded 
electrical resistance strain gages (Measurements Group WK-00-250BG-350). The gages 
were bonded with M-Bond 610 adhesive and post-cured at 121°C for 2 hours. The 
laminate thicknesses are shown in Table 1 and the tensile test specimen geometry is 
sketched in Figure 6.
Table 1. IM 7/977-2 composite test specimen thickness.







2. Optical M icrography Specimens
Several specimens were cut from each laminate type in each of the four pre­
conditions to permit optical assessment of microcrack damage development along the 
specimen edges due to conditioning. Each optical micrography specimen was 5.2 cm. 
long by 1.91 cm. wide. The edges of the specimens were polished with 400 and 600 grit 
sandpaper. This procedure was followed by buffing with 10p and lp  alumina polishing 
compound. The [0]n laminates were polished on their transverse cross-section due to
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their fiber orientation. Microscopic examination of the specimens prior to aging 
confirmed that no damage had been induced during specimen preparation.
B. Coefficient of Thermal Expansion Testing
The coefficient of thermal expansion of IM7/977-2 was measured using [0]i2 
specimens. The specimens were 5.2 cm. long and 1.91 cm. wide. Two strain gages 
(Measurements Group Inc. WK-00-125PC-350), each set being a matched pair, were 
bonded to the surface of each specimen. One gage was oriented in the longitudinal 
direction; the other was oriented in the transverse direction. The gages were bonded with 
M-Bond 610 adhesive and post-cured at 121 °C for 2 hours. Sketches of the CTE test 
specimen geometry and gage mounting are shown in Figure 7. The gages were bonded 
with M-Bond 610 adhesive and post-cured at 121°C for 2 hours. A copper reference 
specimen (NIST Standard Reference Material 736) was used to compensate for 
temperature compensation during strain measurements.








Back-to-back strain gages were used on [±45]3s specimens only.
Figure 6. IM 7/977-2 tensile test specimen geometry.









Figure 7. CTE test specimen strain gage placement.
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C. IM7/977-2 Permeability Test Specimens
Permeability test specimens were fabricated from a [ 4 5 / 9 0 j / - 4 5 / 0 3 ] s  laminate. The 
specimens were 56 cm. long by 12.7 cm. wide. Tabs (12.7 cm. wide, by 12.7 cm. long) 
were fabricated from 0.97 cm. thick G10 fiberglass laminate. The tabs were bonded to the 
specimen using epoxy adhesive, and seven holes were drilled through the tabs to 
accommodate the pins of the loading fixture. The overall specimen geometry is 
summarized in Figure 8. A section of both o the specimen, approximately 7.5 cm. long, 
was polished using 400 and 600 grit sandpaper, followed by lOp and lp  alumina 
polishing compound. One end of the polished section was approximately 5 cm. above the 
upper edge of the lower tab and extended toward the longitudinal center of the specimen. 
Microscopic examination of the specimen edges prior to testing confirmed that no 
damage had been induced during specimen preparation.






THROUGH HOLES FOR FIXTURE BOLTS
O  O  (o o
12.70
Figure 8. Permeability test specimen
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D. Polymeric Film Test Specimens
Seven polymeric films were evaluated for permeability and tensile properties. The 
films were supplied by Northrop Grumman Corporation. The films were labeled with 
their trade names in Table 2.
Table 2. Polymeric film specimen thickness.






Paint Replacement 0.099 98.3
No Tg could be detected.
+
* Manufacturer's literature data.
Al/Mylar, Tedlar, and Kapton were all manufactured by DuPont. Al/Mylar film is a 
laminate of aluminum foil and polyethylene film. Tedlar is a polyvinyl fluoride film. 
Kapton is a high-temperature polyimide film. Eval-F, manufactured by Evalca, is an 
ethylene vinyl alcohol film bonded to a polyester substrate. Eval-F is a product used in 
food packing due to low permeability to oxygen. The Polyurethane and Paint 
Replacement films are 3M products, both of which are proprietary formulations. Paint 
Replacement is a fluoropolymer. Kapton, aluminum-polyethylene laminate, and 
fluoropolymer films have been the subjects of several previous efforts at evaluating 
polymeric films for use as expulsion bladders and leakage barriers in cryogenic fuel 
tanks.51,52' 56,57,59 The tensile testing was performed on dogbone specimens, which were 
fabricated to conform to the requirements of ASTM-D1434 (Figure 9).









Figure 9. Polymeric film tensile test specimen.
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III. EXPERIMENTAL METHODS
A. IM7/977-2 Mechanical Property Testing
The influence of combined cryogenic temperature and mechanical loading on the 
mechanical properties of IM7/977-2 was evaluated by tensile testing of cryogenically 
pre-conditioned coupons. Lamina-level and laminate-level tensile properties were 
measured. Coupons were aged for tensile property testing, optical micrography, and CTE 
measurement. The reported tensile testing results are the average of three replicates for 
each data point. After conditioning, all specimens were subjected to an overnight drying 
cycle at 210°C in an oven. The dried specimens were stored in a dessicator until testing. 
The entire test matrix is summarized in Table 3.
Table 3. Summary o f conditioning methods for mechanical property test 
coupons.
Conditioning Method
Laminate 0 .. Isothermal- Baseline VI , , No Load
Isothermal Mechanical
+ Load Cycled
Ortho-A • • • •
Ortho-B • • • •
Ortho-C • • • •
[0] 12 • • • •
[90] i: • • NT NT
[±45]3S • • • •
NT = Not Tested: Specimens broke during conditioning.
Three replicates were tested for each condition.
All specimens were tested at -269°C, -196°C, and 23°C. 
A total of 216 specimens were tested.
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1. M echanical Property Test Specimen Conditioning
The specimens were divided into four sets, three of which were exposed to a 
different set of cryogenic aging conditions. The first set of specimens was tested in as- 
fabricated condition to serve as a control. For the sake of simplicity, the un-aged 
specimens were referred to as Baseline. The pre-conditioning methods for the other three 
sets of specimens were derived from a theoretical thermal-mechanical load history for a 
cryogenic hydrogen fuel tank wall during the fill, launch/ascent, on-orbit, and descent 
phases of a vehicle flight. A conceptual temperature/load profile of a cryotank wall 
laminate during flight is illustrated in Figure 10.
The profile shows that during filling, small tensile loads are present within the tank 
wall due to a slight positive internal pressure, and the tank wall temperature is near that 
of liquid hydrogen. This condition was termed Isothermal-NoLoad. It was approximated 
by aging specimens in a ciyostat at -184°C for 555 hours in a stress-free condition.
During the launch/ascent and descent phases of flight, Figure 10 shows that pressure 
within the tank increases, and the tank is exposed to dynamic loads. During ascent, tank 
temperature rises, but it remains well below ambient. This condition was approximated 
by mechanically cycling specimens in a servo-hydraulic test stand equipped with an 
environmental chamber. The chamber temperature was maintained at -129°C during 
cycling. The specimens were mechanically cycled in tension to 3000 microstrain 
approximately 960 times at a rate of 0.0381 Hz. Each specimen in this set was labeled 
Mechanically Cycled.







































































A fourth set of specimens, labeled Isothermal+Load, was aged to approximate the 
thermal-mechanical loading seen during the on-orbit phase of flight. During this phase, 
the temperature is sub-ambient, and the tank is kept under constant pressure to keep the 
tank wall in tension. To approximate this loading, the Isothermal+Load specimens were 
aged at -184°C for 555 hrs. under a constant tensile strain. Strain was applied using a 
unique test fixture developed under the NASA High Speed Research Program and 
fabricated at Northrop-Grumman Corp. Each fixture, shown in Figure 11, was 
constructed of Invar material (CTE= 1.4x1 O'6 mm/mm /°C) and could accommodate two 
rectangular specimens. Each specimen was individually preloaded in tension to the 
desired strain level by compressing a series of spring-type washers that reacted against 
the frame. As the specimen was preloaded and the washers were tightened, the strain in 
the specimen was monitored with a longitudinal extensometer. The high stiffness of the 
fixture relative to the test specimen and the low CTE of the Invar material ensured a 
constant strain condition over the entire aging period. The static strain was set at 4000 
microstrain for the [45/903/-45/03]s, [±65]3s, and [65/0/-65/90]s laminates and at 3000 
microstrain for the [0]i: and [±45]3s laminates. The [90]i: laminates could not be aged 
under tension because they broke during cooling. The entire test matrix is summarized in 
Table 4.




Figure 11. Constant strain aging fixtures used to condition specimen under load 
at cryogenic temperature.
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0 .. Isothermal- Isothermal Mechanical 







• • • •
• • • •
• • • •
• • • •
• • NT NT
• • • •
NT = Not Tested: Specimens broke during conditioning, 
rhree replicates were tested for each condition.
Ml specimens were tested at -269°C, -196°C. and 23°C. 
A total o f  216 specimens were tested.
2. M echanical Property Testing Methods
Residual tensile properties of the pre-conditioned specimens were measured at room 
temperature (23°C), liquid nitrogen temperature (-196°C), and liquid helium temperature 
(-269°C). Room temperature tensile testing was performed in several servo-hydraulic 
load frames. Cryogenic tensile properties were measured with the specimens submerged 
in liquid cryogen. The cryogenic testing was performed in NASA Langley’s inverted test 
stand, which is described in detail below.
2.1 NASA Langley’s Inverted Test Stand
All cryogenic testing was performed on NASA Langley’s Inverted Test Stand. This 
machine is a servo-hydraulic test stand that has its hydraulic cylinder mounted on the top 
of the crosshead with the cylinder rod pointing down. A bolted grip is attached to the end 
of the cylinder rod. A matching grip is attached to a plate, which is mounted on four posts 
from the bottom of the crosshead. A photograph of the Inverted Test Stand can be seen in 
Figure 12. Details of the grips and specimen mounting are shown in Figure 13. The







Figure 12. Details o f  NASA Langley Inverted Test Stand.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
design of the inverted stand permits the entire specimen to be submerged in a dewar of 
liquid cryogen. In this study two dewars were used. A double-wall vacuum-insulated 
dewar was used to hold liquid nitrogen. This dewar was also used to pre-cool the 
apparatus prior to testing in liquid helium. A second dewar, which incorporated two 
vacuum chambers and a liquid nitrogen jacket, was used for testing in liquid helium. 
Cryogen levels within the dewars were monitored with capacitance gauges. These gauges 
were attached to the posts that held THE lower grip mounting plate. Liquid cryogen was 
supplied to the dewars through tubes mounted on either side of the four posts. Test stand 
operation was controlled via MTS 458 microcontroller. All testing was performed under 
displacement control at a constant displacement rate of 1.27 mm/min. Testing of [0]i2 
specimens required the test stand load cell to be calibrated over a 0-25,000 lb. range. The 
remainder of the testing was performed with the load cell calibrated over a 0-10,000 lb. 
range.
Data acquisition was carried out using a PC-based system running MTS Strain Smart 
VI .0 data acquisition software. Load, crosshead displacement, and strain data were 
recorded at intervals of 0.5 seconds and were logged to a data file.
2.2 Mechanical Property Test Method Description
Tensile testing of the unidirectional specimens and the Ortho-A, Ortho-B, and Ortho- 
C laminates was performed in accordance with ASTM D3039. The shear properties were 
obtained from the [45]3s using the method specified by ASTM 3518-76. Details of all 
steps performed in the cryogenic tensile testing on the Inverted Test Stand are provided in 
the Appendix.
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B. Coefficient of Thermal Expansion Measurement Method
Thermal expansion test coupons were cut from unidirectional composite laminates 
[0]i2, in the four pre-conditions previously described. A T-type thermocouple was 
attached to the end of each specimen with the welded thermocouple junction touching the 
specimen surface. A System 5000 (Measurements Group) data acquisition system with 
StrainSmart V1.0 software was used to acquire temperature and strain data at 10-second 
intervals. The thermocouples were read by a Cole-Parmer (Model 9800-00) thermocouple 
scanner. Cole-Parmer’s ScanLog data acquisition software was used to log temperature- 
time data to disk. A copper reference specimen, with a known temperature-dependent 
CTE (NIST Standard Reference Material 736), was instrumented with thermocouple and 
strain gages similar to the composite specimens.
All specimens were placed in a box constructed from 2 layers of 1.9 cm. thick rigid 
polyurethane foam over an aluminum liner. A foam cover was placed over the top of the 
box during testing. The instrumented specimens were placed on a 2.5 cm. thick aluminum 
plate to ensure uniform temperature. All specimens were laid flat on the block in a 
manner that minimized possible constraints on their movement and allowed them to sit as 
flat as possible on the block surface. Liquid cryogen was supplied by a tube that passed 
through a hole in the box cover. Data acquisition was started prior to cooling. During the 
cooling phase of CTE testing, cryogen was added slowly until the specimens were fully 
submerged and boiling of the cryogen slowed. The cryogen flow was then shut off, and 
the box and contents were allowed to slowly warm. Tests were conducted using liquid 
nitrogen and liquid helium as the coolant. During tests using liquid helium, initial cooling 
was performed using liquid nitrogen. Once the nitrogen had boiled away, further cooling
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was done using liquid helium. In all of the experiments, the box was filled with liquid 
nitrogen well above the level required for submersion of the specimens. CTE was 
calculated based on strain and temperature recorded as the specimens slowly warmed to 
room temperature. A sketch illustrating the experimental setup is shown in Figure 14.
1. CTE Analysis Methods
CTE was calculated using the strain gage method detailed in reference 60. The strain 
gage resistance changes with changes in specimen temperature. This resistance change is 
caused by a change in the resistivity of the gage alloy itself and by the difference in the 
CTE of the grid, the CTE of the gage’s polymer backing, and the CTE of the specimen. 
Considering a strain gage mounted on a specimen, the total change in gage resistance due 
to a change in temperature can be expressed as:61
AR = the measured resistance change across the strain gage 
R = the resistance of the strain gage at room temperature 
Pg = the thermal coefficient of the gage alloy 
as = the CTE of the specimen 
a g = the CTE of the strain gage 
Fg = the strain gage factor
AT = the temperature change of the gage and specimen
[1]
Where:
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Cryogen




2.5 cm. Thick 
Aluminum Plate
Figure 14. CTE measurement insulated box with aluminum plate and cryogen 
supply.
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Strain gage theory61 states that the apparent strain due to a change is gage resistance 
is given by:
By combining [1] and [2], the apparent strain induced by a change in temperature 
can be expressed as:
where £n.s is the apparent strain due to the temperature change AT.
Now consider a reference material with an identical strain gage mounted on it. A 
expression similar to [3] can be written for the strain gage mounted on this reference 
sample:
where £n .R is the apparent strain in the reference specimen due to the temperature 
change AT.
If identical strain gages are mounted on both the sample and reference specimens, 
the effects of a change in temperature on both specimen and reference gages are the 
same. Because of this similarity, the difference in thermal output between the two will be 
solely due to the CTE mismatch between the gage and the surface on which it is 
mounted. Subtracting [4] from [3] shows that the difference in CTE between the 
specimen and the reference is solely a function of the apparent strains and the magnitude 




fit,-a . ) AT [4]
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^ T h .S  £ lh .r
a t [5]
In this study, the CTE of the reference sample, ar, was known as a function of 
temperature a priori. The only unknown in [5] is the CTE of the specimen, as. Thus, the 
specimen CTE can be determined from the change in thermal strain in the specimen and 
reference sample as they slowly warm from a cryogenic temperature.
reference-mounted gages over a specified temperature range. Two approaches to 
approximating this quantity are used in this work. In the first approach, temperature- 
strain data for each specimen were taken from the data file at increments of 10°C. The
apparent strain in the specimen-mounted strain gage when the temperature changed by 
ATs . Similarly Asn r is the change in strain measured by the strain gage mounted on the
reference specimen when the temperature of the reference specimen changed by ATr . As
will be seen in the data in the Results section of this work, this approach resulted in a
considerable amount of variation in the calculated CTE.
In an attempt to improve the accuracy of the CTE calculations, the quantity
Aen  ^ ASjfr r t As
  ----------— was estimated by a curve fitting technique. The quantity — (T) is
A Ts A Tr AT
analogous to the slope of the temperature-strain curve, which is easily obtained from a 
curve fit. Using this method, third-order polynomial curves were fitted to the strain-
The quantity —1— —  refers to the change in apparent strain in the specimen- and
AT
quantity
A£ lh s- A £ n  ,
was expressed a s  ------------—, where Aelh s is the change in
ATS ATr
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A£
temperature data from each of the specimens and the reference specimen. was
estimated by taking the first derivative of the polynomial. The CTE of the specimen was 
then evaluated as:
\ r  A c
a s{T) = - ± ( T ) - - ^ ( T )  + a r{T) [6]
AT AT
CTE can be expressed either as an instantaneous value, i.e. the slope of the true 
temperature-strain curve, or as an integral value referenced to some fixed temperature. 
Instantaneous CTE was calculated using [6] and ar(T) at the temperature of interest.
Since integral CTE at a given temperature encompasses the temperature-dependent 
thermal expansion behavior between the temperature of interest and the reference 
temperature, the value of ar(T) used in the calculation was an average value of a(T) 
between the temperature of interest and the reference temperature.
C. Hydrogen Gas Permeability Testing Method
The test matrix for the permeability research consisted of four specimens cut from an 
Ortho-A panel in Baseline condition. At the time of writing this thesis, two specimens 
had been tested. Testing was conducted with the specimen mounted in an MTS 810 
servo-hydraulic load frame. Strain was monitored with strain gages and extensometers. 
Load was monitored via a 445 kN load cell. The load frame was operated in load control, 
using MTS TestStar 4.0C software, through a TestStar II control system. The specimen 
was mounted in a set of matching grip plates, which were attached to the specimen with 
seven through-bolts.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
1. Specimen Conditioning and Damage State Assessment
To induce microcrack damage within the laminates, the specimens were conditioned 
via cyclic tensile loading at room temperature. The maximum cyclic strain was 4000 
microstrain, and the stress ratio was R=0.01, resulting in maximum and minimum loads 
of approximately 44,500 N and 445 N, respectively. Specimens were cycled in 
increments of 10,000 or 20,000 cycles. Between cycling increments, the edge crack 
density was evaluated, and the longitudinal tensile modulus of the specimen was 
measured.
Crack density was assessed along a 2.5 cm. long polished section, approximately 5 
cm. above the edge of the lower tab. Both edges of the specimen were evaluated after 
each cycling increment. A pair of marks, placed 2.54 cm. apart, delineated the section 
over which cracks were counted. The cracks were imaged using a long-distance 
microscope (Questar OM-100), mounted to a movable stand. A high-resolution video 
camera, attached to the microscope, was used to record images of the specimen edge. A 
translation stage on the stand permitted precise movement of the microscope in three 
dimensions. A dial indicator, mounted to the load frame and touching the microscope 
translation stage, was used to precisely locate the position of each crack along the 
polished segment relative to the upper mark. The location and general shape of each 
crack and delamination were recorded to a data sheet. Crack density was calculated as the 
total number of cracks within similar ply groups on both sides of the specimen midplane 
divided by the total length over which the cracks were counted. The crack density of the 
45° plies was scaled by a factor of l/sin(45°) to account for the fiber angle within those
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plies. When notable changes in crack density occurred, images were recorded using the 
microscope-mounted digital camera.
Modulus was calculated as a linear best fit of stress to strain under room temperature 
loading. Stress was calculated as applied tensile load divided by the initial cross-sectional 
area of the laminate. Cross-sectional area was determined, based on the average of three 
measurements of laminate width and thickness taken near the top, bottom and 
longitudinal center of the specimen gage section. Early in the cycling process, back-to- 
back specimen-mounted strain gages were used to monitor strain. As those gages failed 
under the fatigue loading, an extensometer was used to measure specimen strain. Five 
strain increments, from approximately 100 to 4000 microstrain, were taken for each 
modulus reading.
To establish the relationship between hydrogen gas permeability and damage state, 
the permeability of each specimen was assessed at several levels of internal damage. 
Permeation testing was performed when cyclic loading caused a marked increase in edge 
crack density. The effect of mechanical load on leak rate was assessed by measuring 
permeability with the specimen subjected to one of several levels of uniaxial tensile 
strain. The level of mechanical strain was varied from 0 to 4000 microstrain in 800 
microstrain increments. The effect of temperature on leak rate was assessed by 
performing permeability testing at 23°C and either -150°C (Specimen #1) or -190°C 
(Specimen #2). The lower cryogenic temperature used for Specimen #2 resulted from 
improved cooling methods as explained in detail below.
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2. Permeability Testing Hardware
The permeability measurement system developed for this research consists of three 
basic components: a hydrogen gas supply system, a control volume system, and a gas 
analysis system. The arrangement of the three components is illustrated schematically in 
Figure 15. The hydrogen gas supply system was composed of a low-pressure hydrogen 
gas generator (Matheson Crysallis-II-250), a gas delivery manifold, and gas supply 
attachments, which were sealed to the test specimen surface. Gas leakage can be 
measured in two ways; through the specimen thickness and via a combined in- 
plane/through-thickness method. In the through-thickness method, hydrogen gas is 
supplied to the specimen face, where it is pulled into a network of interconnected 
microcracks. The gas passes through the thickness of the laminate into the vacuum-side 
attachment and into the control volume. The through-thickness supply-side attachment 
has a recessed face, which forms an enclosed space, approximately 7.62 cm. in diameter, 
against the specimen surface. During testing, gaseous hydrogen is introduced into this 
recess, which is then vented directly to the atmosphere. This assures that the gas within 
the recess remains at approximately atmospheric pressure. When testing through- 
thickness permeability at cryogenic temperature, an internal cavity within the through- 
thickness supply attachment is filled with liquid nitrogen to cool the specimen and the 
hydrogen gas to approximately -150°C. The through-thickness method is illustrated 
schematically in Figure 16. A photograph of the through-thickness pressure-side 
attachment is shown in Figure 17.














Figure IS. Schematic o f permeability testing system.




Figure 16. Through-thickness permeability test method showing liquid 
nitrogen cooled supply attachment (top) and vacuum attachment (bottom).
Figure 17. Through-thickness permeability test H2 supply attachment.
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Due to the incremental nature of damage development during cyclic loading, the 
center plies (or 0°) in the test laminate may not exhibit damage until significant levels of 
damage have developed in the off-axis plies. Without damage in these center plies, a 
through-the-thickness permeability path cannot exist. However, cryopumping of liquefied 
air into voids in off-axis plies can result in substantial risk of delamination damage on 
warming. Therefore, in order to quantify permeability as a function of damage state in the 
off-axis plies, a method was developed to supply hydrogen gas to the exposed edges of 
the specimen. In this way, hydrogen gas can permeate through the off-axis plies on the 
vacuum-side of the laminate. As illustrated schematically in Figure 18, the hydrogen gas 
was supplied to the edges using 0.64 cm. diameter stainless steel tubing. The tubing had 
been slit lengthwise and then sealed to the specimen edge using vacuum bag sealant tape.
When testing at cryogenic temperatures using the edge-permeability method, the 
entire supply-side of the specimen was cooled with liquid nitrogen. To this end, a box 
was built from Bakelite laminate and insulated with 1.3 cm. of polystyrene foam. The 
inside edges of the insulation were chamfered back to approximately 0.64 cm. width to 
maximize the specimen surface area exposed to the coolant. The edges of the box were 
sealed to the face of the specimen by adhesive-backed Goretex ribbon, 0.64 cm. wide by 
0.32 cm. thick. The box was open at the top. The box width left approximately 1.3 cm. of 
the specimen edge exposed on either side to allow installation of the gas supply 
attachments at the edges. Liquid nitrogen coolant was supplied to the box through a 
length of tubing, mounted approximately 2.5 cm. from the bottom of the box. The 
specimen surface temperature was measured with an E-type thermocouple, positioned














Figure 18. Illustration o f combined in-plane/through-thickness permeation test 
method.
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against the specimen surface several inches from the top of the box on the supply side. 
Liquid nitrogen supply to the box was throttled such that liquid cryogen covered the 
specimen face, while minimizing the amount that spilled out the top of the box. A typical 
specimen temperature during edge permeability testing was approximately -190°C. The 
vacuum side of the specimen was insulated with a combination of a 1.3 cm. thickness of 
foam sheet and fiber insulation batts.
The second component in the permeability measurement apparatus was the control 
volume system. The control volume was connected to the specimen face via a flexible 
vacuum line, 5.08 cm. in diameter. At the specimen surface, the vacuum-side attachment 
formed an enclosed space, similar to the supply-side through-thickness attachment. The 
control volume, approximately 17.9 liters in volume, was mounted to a turbomolecular 
vacuum pump (Pheiffer Vacuum, Model TSU-071). A pair of pressure transducers (MFCS 
120AA-01000RCJ and MFCS 120AD-00100RCU) with ranges of 0-100 torr and 0-1000 
torr, respectively, monitored the total gas pressure within the control volume. 
Thermocouples were used to monitor the control volume internal temperature during 
testing.
The third component of the measurement apparatus, the gas analysis system, 
employed a mass spectrometer (Ametek Dymaxion DM200M) to monitor the changing 
chemical composition of the gas within the control volume during permeability testing. 
The gas analysis system operated off a separate vacuum system, mounted on a second 
turbomolecular vacuum pump. The analysis system and the control volume were 
connected through a variable leak valve.
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During permeability testing, the specimen was subjected to a uniaxial tensile load. 
Strain gages (Measurements Group WK-00-250BG-350) were used to monitor specimen 
strain in both longitudinal and transverse directions. An extensometer (MTS model
632.1 IE-23) was used to monitor longitudinal strains after the strain gages failed under 
cyclic loading. The strain signals were conditioned using Vishay 2310 signal 
conditioning amplifiers. Control volume pressure, control volume temperature, applied 
load, and strain were recorded using a PC-based data acquisition system, running 
Labview software. Data was collected at 30-second intervals. Using Dycor System 2000 
Version. 1.56 software, partial pressures of hydrogen, helium, nitrogen, oxygen, carbon 
dioxide, and water vapor were recorded by the analysis system to a separate data file. To 
assure accurate assessment of gas composition during testing, the mass spectrometer was 
used to perform full spectrum scans of control volume contents before and after 
permeability testing. No anomalies in gas composition were observed.
A photograph of the permeability measurement system is shown in Figure 19. For 
the sake of clarity in this photograph, a black sheet has been hung between the 
permeability measurement system and the load frame. A test specimen is shown mounted 
in the load frame in Figure 20. The through-thickness hydrogen gas supply attachment is 
mounted on this specimen. The flex hose, attached to the vacuum-side attachment, is 
shown passing through the black sheet to the measurement system behind it. A 
photograph of the in-plane/through-thickness test setup is shown in Figure 21. The 
insulated box covers the entirety of the supply side of the specimen. In this picture, 
clamp-on style hydrogen gas supply attachments are shown. Supply attachments formed 
of slit stainless steel tubing, as illustrated in Figure 18, were used to generate the leak rate




Figure 19. Permeability measurement system components, viewed from behind 
the test frame.










Figure 20. Through-thickness permeability test specimen details.
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Figure 21. Combined in-plane/through-thickness permeation test method with 
H 2 supply to specimen edges. Clamp-on style H 2 supply attachments are shown.
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data in this thesis. Hydrogen gas entered the supply attachments at the top. The lines 
connected to the bottom of the supply attachments are connected to a vent line. The 
clamps in the picture were used to secure the box to the specimen. The liquid nitrogen 
supply connector is shown without the supply line attached.
3. Leak Rate Data Analysis
Ideal gas law relations were used to estimate the leak rate into the control volume, 
using measured pressure and temperature and known constants:
Vn = P   [7]
RT
where n is the molar quantity of gas in the control volume, P is the pressure in the control 
volume, V is the volume, R is the universal gas constant, and T is the absolute 
temperature of the control volume. In this case, unless there is a significant temperature 
change, T, R  and V are assumed to be constant.
Taking the time derivatives of both sides we have:
[8]
dt dt RT
The control volume pressure was measured as a function of time. An example of this type 
of data is shown in Figure 22. Note that in this test on Specimen # 1 at room temperature 
under no load, 20 minutes lapsed between beginning the test and a measurable pressure 
increase in the control volume. A negative value early in the test is due to slight error in 
the zero value of the pressure measurement transducers and low pressure levels, which 
are near the resolution limit of the control volume pressure gages. Since leak rate 
calculations require the change in pressure over time, not absolute values, the zero offset
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is not significant. The delay in pressure rise was due to limited sensitivity of the pressure 
transducer to very low pressure and the low leak rate of the specimen during this test.
The analysis system provides the partial pressures of all relevant gas species as a 
function of time. For hydrogen permeability tests, the two primary gas species whose 
pressures varied over time were hydrogen and nitrogen. An example of these partial 
pressure measurements is shown in Figure 23. During this particular test, the partial 
pressure of nitrogen was near the lower limit of sensitivity of the mass spectrometer, 
hence the noise in the data. Because of high thermal strains in the vacuum attachment 
seals at cryogenic temperature, minor seal leakage was quite common during testing. 
Therefore, the fraction of nitrogen within the system normally exceeded that of the room 
temperature data shown in Figure 23.
The molar fraction of hydrogen gas in the analysis, and hence also in the control 
volume, Fh2(V’ was taken as the ratio of the partial pressure of H? in the analysis system 
to the total analysis system pressure.
pLi(‘) [9]
In this case p°2(t) is the partial pressure of hydrogen gas in the analysis 
system as a function of time, and P^(i) is the total gas pressure in the analysis system. A
plot of Fh2(0 is shown in Figure 24. Note that in this example, the apparent rate of 
pressure rise did not stabilize until approximately 40 minutes after the start of the test. 
The partial pressure of hydrogen gas in the control volume was calculated from the 
fractional contribution of hydrogen, F^OA in the analysis system using
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Figure 22. Example o f total pressure in the control volume versus time from a 
typical permeability test.
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Figure 23. Example data o f absolute pressures o f hydrogen and nitrogen gas and 
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Figure 24. Hydrogen fraction in the analysis system as a function o f  time.
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P'H\ V )  = FHlU ) P (T(,) [ 10]
where P( T (t) is the total pressure in the control volume. This hydrogen partial pressure in 
the control volume, as calculated from Equation 4, is shown in Figure 25.
The leak rate of hydrogen through the specimen was determined by a least squares linear
fit to the p‘H\(i) data. The slope of this line provides dPH1 (/) as given in Equation 2,
dt
such that
</»£(/) _ < ; ( / )  v
dt dt RT
where dn ' (t) 'S t*ie c^an8e 'n quantity of hydrogen gas in the control volume 
with ^t time.
For these calculations, the values for the constants were defined as follows:
R = 62364-
[ 1 1 ]
mole K 
V = 17.91
T = 217>K (typical)
Given a rate of change in hydrogen gas pressure within the control volume of 1 
torr/min., the leak rate was calculated by:
= ________!790(W ________ = i . o 5 i x i o - [12]
dt min 62364 torr cm* I mol K  x 273 K  min
For purposes of comparison with permeability data from other sources, the leak rate 
was converted to units of standard cubic centimeters per minute (seem). Using Equation 
7, the assumptions of a volume of 1 cm3, and standard temperature (273K) and pressure 
(760 torr), we find that
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Figure 25. Example data o f partial pressure o f hydrogen within the control 
volume during a test o f Specimen #1 at room temperature.
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 760 torr x i cm _______ = 4.464x1 O'5mo/ ‘n one standard cubic centimeter.
62364 torr cm' / mol K  x 273 K
Inverting that result, we get a conversion factor of 22400 sccm/mol. All leak rate 
results will be presented in units of seem.
4. Permeability M easurement System Evaluation
As it was originally designed, the sealing surface of the through-thickness supply 
attachment was heated by circulating a mixture of water and antifreeze through it. This 
mixture passed through an annular cavity near the outer edge of the attachment directly 
above the sealing surface. The purpose of the antifreeze was to permit localized heating 
of the seal. Seal heating was expected to reduce thermal shrinkage of the seal during 
cryogenic testing, which would reduce the chance of leakage of flammable hydrogen gas. 
The antifreeze mixture was warmed by passing through a heated reservoir, which was set 
to approximately 60°C. An electric motor-powered pump circulated the mixture. A 
sketch of the seal heating system is shown in Figure 26.
One of the first tasks prior to beginning formal permeation testing was to evaluate 
the performance of the equipment. Initial experiments were performed using a dummy 
specimen made of carbon fiber and polyimide resin. The specimen was 12 plies in 
thickness, and the layup was quasi-isotropic. Hydrogen supply was via the through- 
thickness method. Specimen temperature was monitored with a T-type thermocouple, 
which was affixed to the center of the specimen on the front face. The specimen 
thermocouple wires passed through the seal of the supply attachment. The antifreeze 
temperature was measured with a thermocouple probe, inserted into the return line just


















Figure 26. Permeability system  antifreeze-based seal heating system .downstream  of the supply attachm ent.
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The temperature of the supply-side seal was monitored with a thermocouple inserted 
between the seal and the specimen surface. Temperatures were logged at 30 second 
intervals using a Cole-Parmer Model 00280-00 thermocouple scanner and a PC-based 
data acquisition program. Using this setup, several permeation measurements on the 
dummy specimen were attempted at cryogenic temperature.
Several important observations were made during these permeability trial runs. 
Minimum attainable temperature, with the antifreeze pump off and the liquid nitrogen 
flow from the dewar at maximum, was approximately -180°C. When the antifreeze 
circulation pump was started, the minimum attainable temperature rose to -35°C. Clearly, 
the seal heating system was supplying too much heat to the specimen attachments. To 
slow the heat transfer rate, the reservoir heater was turned off. With the antifreeze at 
23°C, minimum temperature dropped to -44°C, which was still unacceptably high.
Since cooling of the antifreeze was deemed impractical, and the pump speed could 
not be controlled, a throttle valve and a flow meter were placed in the antifreeze supply 
line between the pump and the attachments. With the liquid nitrogen flow set at 
maximum, the antifreeze flow was then throttled incrementally, and the minimum 
attainable temperatures were monitored. Flow rates were varied from 3.15 liters/min. to
0.63 liters/min. The results of the experiment are illustrated in Figure 27. It is clear that 
the reduction in flow rate lowered the minimum attainable specimen temperature. At 0.95 
liters/min., specimen temperature stabilized at -59°C. Further reduction to 0.63 liters/min. 
resulted in a drop in the temperature of the seal of nearly 100°C and a drop in the 
temperature of the specimen of 60°C. Flow rate did not change, but the temperature of 
the antifreeze mixture rose by 3°C. One possible explanation for this unexpected result is
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freezing of the antifreeze mixture within the supply-side attachment. A buildup of ice in 
the annular cavity in the supply-side attachment would have directed most of the 
antifreeze flow through the vacuum-side attachment, which was not cooled. Regardless 
of the exact cause of the observed behavior, the antifreeze seal heating system was 
deemed insufficiently controllable to permit permeability testing at cryogenic 
temperatures.
A new approach to seal heating, based on electric heaters, was undertaken. A 
variable transformer was used to power the heaters. Nickel chromium wire with a 
diameter of 0.245 mm. was found to have sufficient resistance to keep the current below 
5 amperes, the rating of the power supply circuit breaker. Bare wire heaters were found to 
be effective in heating the seal material. However, the bare wire melted and burned the 
seal material immediately adjacent to the wire, resulting in vacuum leaks. A layer of 
braided fiberglass sleeve was found to alleviate some of the burning, but the seal material 
clung so tightly to the braided sleeving, the attachment plates could not be removed from 
the specimen without destroying the heater. Placing the sleeved wire within a piece of 
metal tubing created a heater that could be used a number of times.
Heaters were fabricated using three twisted stands of 0.125 mm. diameter nickel 
chromium wire. The wire was insulated with a layer of 3.18 mm. diameter braided 
fiberglass sleeve, and the insulated wire was then inserted into a length of 4.76 mm. 
diameter stainless steel tubing. The tubing was bent into a circle of approximately 19 cm. 
diameter with two ends of the tubing bent outward, and the entire assembly was 
hammered flat. Wire couplings were crimped onto the wire ends to serve as electrical 
contacts. A sketch of the general shape of the seal heaters is shown in Figure 28.
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Figure 27. Effect o f  change in antifreeze flow rate on temperatures o f  the seal, 






Figure 28. Construction o f seal heater typically used on vacuum-side attachment 
and through-thickness supply attachment.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
78
The electrical heaters were evaluated by observing their ability to maintain the 
vacuum seal at cryogenic temperatures. A heater was placed into the seal on the vacuum- 
side attachment. Liquid nitrogen flow was started in order to cool the specimen through 
the supply-side attachment. The vacuum system flex hose and the control volume were 
evacuated, and the control volume pressure gauges were monitored to determine when a 
vacuum leak initiated. Without seal heating, minimum temperatures of approximately 
-180°C were obtainable in the center of the specimen. However, with the heater power 
off, the attachment seal on the vacuum-side attachment would lose seal integrity after 
approximately five minutes at -180°C. This time is below the minimum required to yield 
reliable permeation data. With the seal heater energized with approximately 10V, the 
trials were repeated. Repeats of the sealing time trials showed that sealing times of 20-30 
min. were attainable with a specimen temperature of -150°C.
After several trials, the seal material in the vicinity of the bends in the heater tubing 
was found to be burned, causing leakage. Voltage was lowered in steps, and sealing trials 
were repeated. Voltage levels below 7V were found to be too low to adequately heat the 
seal. To simplify the process of specimen setup, the use of electrical heaters was 
eventually abandoned on the supply-side attachment, and attachment seal was permitted 
to break. Hydrogen pressure within the supply system was increased to approximately 50 
torr above atmospheric to assure that air did not pass through the broken seal. A fan was 
used to disperse any hydrogen that leaked out through the seal.
Through much of the permeability measurement work, the electrical heaters proved 
to be a workable means of keeping the vacuum seals pliable during cryogenic testing. 
However, the bare wires regularly burned through where they exited the braided covers.
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This necessitated repair of the heaters after nearly every leak rate experiment. Over time, 
the necessity of repairing the heaters inspired the pursuit of a way to eliminate the heaters 
entirely. The best solution proved to be a two-part seal. The inner seal was formed from 
adhesive-backed Goretex ribbon gasket material (0.95 cm. wide by 0.32 cm. thick). This 
material was sufficiently compliant to permit attaining a vacuum level of 3 torr in the 
control volume at room temperature. The Goretex material was attached to the sealing 
surface of the vacuum attachment, just outside the raised ring on the attachment sealing 
surface. Though the Goretex ribbon alone was incapable of providing a sufficiently tight 
seal, it proved to be relatively insensitive to cryogenic temperatures. To provide the final 
vacuum seal, vacuum bag sealant tape was used around the periphery of the vacuum 
attachment. Figure 29 shows the modifications made to the seal. In this figure, a cross- 
section of the interface between the vacuum-side attachment and the specimen is shown. 
With the two-part seal, run times in excess of 30 minutes could be obtained without the 
total loss of vacuum integrity common with heated sealant tape.
One drawback to this approach is that significant time was required to attain a good 
initial seal. After applying the sealant tape around the periphery of the attachment, the 
control volume vacuum system had to be started, and the attachment left for several hours 
to permit the sealant tape to be pulled into the spaces around the Goretex ribbon. Once an 
initial vacuum seal was established, the two-part seal provided a much more robust seal, 
which could be left in place for numerous experiments.









Figure 29. Unheated vacuum seal incorporating Goretex sealant and vacuum  
sealant tape.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
D. Post-Testing Examination of Specimen #1
The actual post-testing damage state within Specimen #1 was evaluated by X-ray 
imaging and by assessing crack density along polished cross-sections of the specimen. 
Longitudinal and transverse cross-sections were examined. The number of cracks, the 
average crack density over predefined lengths, and the overall average crack density were 
tabulated. When additional insight into damage morphology could be gained, plots of 
variations in crack density with location were generated.
1. Radiographic Examination o f Specimen #1
A radiograph image of Specimen #1 was generated to assess the length and 
distribution of microcracks within the specimen. A zinc iodide penetrant solution (60 g. 
ZnL/8 ml. water/10 ml isopropanol/3 ml Kodak Photo-Flo) was used to increase the 
contrast between the cracks and undamaged regions within the laminate. The penetrant 
was infiltrated into the cracks by wetting the polished edges of the specimen while it was 
loaded in tension to approximately 4000 microstrain. Penetrant was applied several times 
over the period of one day.
After penetrant infiltration, the specimen was removed from the loading fixtures, and 
X-ray images were generated using low-power X-ray system (Pantak Unipolar Series 2). 
Accelerating voltage was set to 20 kV and current to 5 mA, and exposure time was 10 
seconds. Images were recorded using a solid-state sensor mounted on a digitally 
controlled XY-table. CDR data acquisition software (Schick Technologies) was used to 
control the XY-table and record the images to disk. An array of 16 images was acquired
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to cover the center of the specimen. The images were stitched together using Adobe 
Photoshop software.
The collage of X-ray images was analyzed using the GIMP image-editing program. 
The locations and lengths of cracks within the two groups of 90° plies were measured in 
pixel coordinates, which were subsequently converted to centimeters. The average 
specimen width, taken at the top, bottom, and middle of the image, was used to establish 
a conversion factor. Because there is no way to distinguish depth, the X-ray image shows 
90° cracks on both the front and vacuum sides of the test specimen.
2. Specimen Preparation for Micrography
Prior to sectioning the specimen, the tabbed ends were cut off, and the edges were 
polished along the entire length of the gage section. Initial polishing was begun with 320, 
400, 600, 1000, 1200 grit abrasive paper, attached to a flat aluminum block. Final surface 
finish was obtained a lp  alumina slurry and Bueller Texmet polishing medium. The 
edges of the specimen were marked A and B (A being on the left and B on the right when 
the specimen is viewed from the side attached to the vacuum system). The specimen 
marking is shown in Figure 30. Sixteen 2.5 cm. long sections, eight on edge A and eight 
on edge B, symmetrical with the center of the specimen, were marked for analysis.
Images of the specimen edges were obtained using a Nikon Epiphot optical microscope.
A 2.5 cm. digital indicator, positioned against the microscope stage, was used to precisely 
identify the position of each crack along the edge. The location of each crack within each 
section was noted on a data sheet, an example of which is shown in Figure 31. After 
analysis of the specimen edges, the specimen was cut transversely into four 7.5 cm. x 
12.5 cm. panels to allow analysis of the transverse cross-sections of the laminate.
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The layout of the transverse sections is shown in Figure 32. The resulting panel 
sections were labeled as I, II, III, and IV. The 12.5 cm. long edges were designated as a 
and b. The same mapping procedure as above was repeated, and crack maps were 
generated for the thirty 2.5 cm. transverse cross-sections. Finally, the four panel sections 
were cut longitudinally down the center. This created eight sub-panels labeled a-h, as 
shown in Figure 33. The same procedure as described above was employed, and crack 
maps were generated for the twenty-four 2.5 cm. longitudinal segments.
The final step in obtaining crack data was to section sub-panel d  longitudinally into 
eight thin strips, as shown in Figure 34. Each strip was approximately 0.71 cm. wide. The 
strips were arranged in order within a mold, inside edges down on a flat surface, and 
epoxy resin was cast around them. The edges of the potted strips were polished as 
described above, and crack maps were generated for the +45° and 90° plies within each 
strip.
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Figure 32. Transverse cross-sections of Specimen #1. Specimen edges A and B are shown. Subpanels are numbered I - IV 














































































3. Estimation o f  M icrocrack Width as a Function o f  Load and Temperature
The size, number, and connectivity of the microcracks within a laminate 
determine gas leak rate through a microcrack-damaged laminate. At low damage levels, 
before delamination becomes a dominant damage mode, the primary restriction to gas 
flow is expected to be the geometry of the junction where the tips of cracks in adjacent 
plies cross. The size of this crack junction will depend on the width of the microcracks 
that form the junction. Crack width can be expected to vary with the level of transverse 
tensile stress within each ply. This stress will depend on the temperature of the laminate 
and on mechanical loading levels.
The change in microcrack width with changes in mechanical strain and temperature 
was estimated by measuring crack widths in high-resolution micrograph images. The 
images were recorded with a high-resolution video camera, attached to either the stand- 
mounted microscope adjacent to the test stand, or to the Nikon metallurgical microscope. 
When it was attached to the metallurgical microscope, the camera provided a resolution 
of 0.46 pm/pixel. The stand-mounted microscope was less stable, so the images obtained 
from it were of lower quality. However, by measuring a larger number of cracks in those 
images, a comparable level of measurement accuracy was obtained.
To evaluate the effect of uniaxial tensile loads on crack widths, images were 
obtained after 430,000 cycles, prior to removing the specimen from the test stand. The 
images were taken at 23°C. Two sets of images were taken of the same region along the 
specimen edge. One set was taken with the specimen under no load. The other was 
obtained with the specimen subjected to a 4000 microstrain load.
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To evaluate the effect of temperature change of crack widths, after sectioning of the 
specimen, several of the sub-panels were clamped together between two pieces of steel 
flat bar with their polished outer edges parallel. A region near the center of the specimen 
was marked and several images of the marked region were taken. The specimens were 
subsequently heated for two hours in an oven at 120°C. On removal from the oven, the 
specimens were immediately placed on the metallurgical microscope and several images 
of the marked region were taken.
The widths of the cracks were assessed in the four image sets, using the image 
analysis program. The specimen thickness was used as the basis of deriving a pixel-to- 
centimeter conversion. Cracks adjacent to large delaminations were avoided, because the 
delamination decouples adjacent plies, which may affect crack opening. Working on the 
assumption that cracks that span only part of a ply cannot be participate in gas transfer, 
only cracks that spanned the full thickness of each ply or ply group were measured. The 
irregular shape of the microcracks required that their width be evaluated at many data 
points along their length, and that several cracks be examined in each image set. Each 
reported crack width estimate is the average of at least 40 readings taken along the length 
of several cracks.
4. Effects o f Temperature and Load Change on M icrocrack Width
The crack width at 23°C for an applied load resulting in a strain between 0 and 
4000 microstrain was calculated using the following relation:
=  W 0 +  ( W 4000 -  Wo ) ~ ^ -------  M  [ I 4 !
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where wEi23 is the crack width at 23°C under uniaxial strain e. w0 is the average crack 
width measured at 23°C under no load. h’4ooo is the average crack width measured at 23°C 
under a 4000 (ie load.
In a manner similar to that used to estimate the effect of strain, the change in 
crack width with temperature was estimated from the following relation:
where wo. 120 is the average crack width at 120°C under no load and ^ 0 , 2 3  is the 
average crack width at 23°C under no load. The extrapolated crack width for a given 
mechanical strain at -180°C was estimated as:
[15]
AT 120°C -  23°C °C
[16]
where _i8o is the crack width at -180°C under a mechanical strain e.
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E. Characterization of Polymeric Films for Use as Cryogenic Fuel Tank 
Liners
The inevitability of microcrack damage development in composite laminates 
exposed to cryogenic temperatures may necessitate the use of materials to serve as 
leakage barriers with cryotanks. Polymeric films have properties that may make them 
amenable to this use. With this application in mind, the effects of exposure to moisture 
and cryogenic temperatures were evaluated on several polymeric films, which were 
potential candidates for use as cryogenic fuel tank liners. Film samples were conditioned 
in a hot-wet environment to saturate them with moisture. Some of the moisture-saturated 
films were then subjected to extended periods of cryogenic temperatures or thermal 
cycling. After conditioning, the glass transition temperature of each sample was 
measured, and the dynamic storage modulus was evaluated as a function of temperature. 
Finally, tensile strength, yield strength, tensile modulus, and failure strain were measured 
at cryogenic, room, and elevated temperatures. Each reported data point is the average of 
three replicates, with the exception of storage modulus, which relied on six specimens per 
data point due to the large amount of variation in the data from those tests.
1. Film Conditioning
Film samples were pre-conditioned in four ways prior to testing. All films were 
initially dried in a convection oven at 65°C for 24 hours prior to further conditioning.
This dried condition was labeled Baseline. One fourth of each of the film samples were 
saved in this condition and stored in a dessicator. The remaining films were exposed to 
hot-wet conditions (65°C and 90 percent relative humidity) until they were fully
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saturated. Saturation was determined by weight gain in witness coupons, which indicated 
an average weight gain was approximately 1.5 percent. Total time to reach saturation on 
all samples was approximately 216 hours. This hygrothermally-conditioned state was 
designated HT. One third of the HT-conditioned film was removed and stored in a sealed 
plastic bag prior to testing. One third of the HT conditioned film was subsequently 
exposed to a constant temperature of -184°C in a cryochamber for 120 hours. This set of 
films was designated HT+Cryo. The remaining third of the HT-conditioned film was 
thermally cycled from -93°C to +65°C for 120 hours. This set of films was designated 
ThermalCycled. The pre-conditioning methods are summarized in Table 5. The entire test 
matrix, showing the number of specimens tested for each data point, is shown in Table 6. 
All films were stored in sealed plastic bags after conditioning.
2. Differential Scanning Calorimetry
Glass transition temperature (Tg) was determined by use of a Differential Scanning 
Calorimeter (DSC). The measurements were made in a Perkin Elmer Pyris 1 DSC. Film 
samples were sealed in aluminum pans and were tested in a nitrogen atmosphere at a 
heating rate of 10°C/min. The maximum test temperature varied with the film tested, 
given the wide range of properties of films examined. The Tg was generally taken as an 
inflection point of the most prominent heat capacity transition between room temperature 
and 100°C.











Table 5. Sum mary o f the polymeric film specimen pre-conditioning methods.
Pre-Condition Designation Conditioning Method
Not Aged Baseline Dry film at 65°C for 24 hours.
Hygrothermal only HT
Dry film at 65°C for 24 hours.
Pre-condition at 65°C / 90% relative humidity for 216 hours.
Hygrothcrmal + Isothermal Cryogenic HT+Cryo
Dry film at 65°C for 24 hours.
Pre-condition at 65°C / 90% relative humidity for 216 hours. 
Cryogenic exposure at -184°C for up to 120 hours
Hygrothermal + Thermally-Cycled ThermalCycled
Dry film at 65°C for 24 hours.
Pre-condition at 65°C / 90% relative humidity for 216 hours. 
Thermal cycling (-93°C to +65°C) for 120 hrs.
Table 6. Test matrix for polym eric film characterization and the num ber o f specim ens tested at each condition.
Static Modulus and Dynamic Stiffness
Pre-conditioning Static Strength (E and E )
-150°C 23°C 65°C -120°C to Te
Baseline 3 3 3 6
HT 3 3 3 6
HT+Cryo 3 3 3 6
ThermalCycled 3 3 3 6
vO-t*
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3. Dynamic M echanical Analysis
Dynamic storage modulus of the films was measured, using a TA systems DMA- 
2980 Dynamic Mechanical Analyzer system, fitted with a tension film clamp attachment. 
The test equipment is shown in Figure 35. The temperature range during testing varied 
from -120°C to 110°C. The samples were tested at a frequency of 1 Hz with a maximum 
amplitude of 20pm. Storage modulus was calculated as a function of temperature, using 
the software that controls the analysis system. Detailed explanations of the theory of 
dynamic mechanical testing and data analysis methods can be found in reference [62], 
Specimen geometry was typically in the range of 20-30 mm long by 5-6.5 mm wide. 
Sample dimensions were based on the average of three measurements of thickness and 
width, taken near the middle and the two ends of each specimen.
4. Film Tensile Property Testing Method
The tensile properties of the films were evaluated at -150°C, 23°C, and 65°C. The 
testing was carried out in an MTS Alliance RT1 screw-driven load frame in accordance 
with ASTM-D1434. An MTS 1000 N. load cell was used to monitor load. Strain was 
measured with an MTS LX300 laser extensometer. Reference marks for strain 
measurement were made on the sample with retroreflective tape, spaced 2.54 cm. apart. 
The crosshead speed was set at 1.27 mm/min. Specimens were held in bolted grips with 
smooth contact surfaces. An environmental chamber enclosed the grips and specimen. A 
digital controller was used to operate a convection heater and a liquid nitrogen supply 
valve for heating and cooling. A photograph of the test setup is shown in Figure 36. Each 
data point reported is the average of three replicates. Data was acquired using the PC-
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based data acquisition system running MTS Strain Smart VI .0 software. Time, load, 
strain, and crosshead displacement were logged to a data file at 0.5 second intervals.
S. Polymeric Film Data Reduction M ethods
5.1 Tensile Stress Calculation
Stress was calculated by dividing load by the original cross-sectional area of the 
specimen. Ultimate strength was defined as the maximum stress level reached during 
testing. In most tests, this stress coincided with fracture. On specimens that exhibited 
significant plastic deformation, this method underestimates the actual stress at failure.
5.2 Tensile Modulus And Yield Strength Calculation
Tensile modulus and yield strength were determined by fitting a Power Law 
approximation to the stress-strain curves. The stress-strain data from all three tests for 
each data point were appended and fitted as a group. The function fitted was of the form:
£  = -  + A<t " [13]
E
Where £is the total strain, E is the elastic tensile modulus, tris the tensile stress, A 
and n are experimentally-derived constants, which were obtained from the curve fit. The
quantity — represents the elastic deformation, whereas A c t"  represents the plastic 
E
deformation. Yield strength was declared as the point at which the stress-strain curve 
deviated from linearity by 5 percent.
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5.3 Strain-to-failure
Strain-to-failure was designated as the point at which the specimen failed or the point 
at which the specimen exhibited a sharp decrease in load. For specimens in which 
crosshead travel exceeded 75 cm., the specimen was designated as having not failed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
IV. RESULTS 
A. Results of IM7/977-2 Tensile Property Measurements
1. Unidirectional and Shear Tensile Properties
1.1 Stress-Strain Behavior
The stress-strain behavior, exhibited by the laminates in this study, varied 
significantly with laminate schedule and test temperature. Representative stress-strain 
curves are shown on the following pages to illustrate some of the effects of cryogenic 
temperature on IM7/977-2. The data shown in Figure 37 through Figure 42 were taken 
from specimens in Baseline condition. The strain data taken during cryogenic testing was 
frequently noisy. This was attributable to the high levels of temperature-induced strain in 
the gage and to slippage of the extensometer on the specimen.
A stress-strain curve obtained from longitudinal tensile testing of a unidirectional 
specimen is shown in Figure 37. Because the fiber properties dominate the mechanical 
properties in the longitudinal direction, and fiber properties are insensitive to cryogenic 
temperatures, the specimens were relatively unaffected by cryogenic temperatures.
Testing in the transverse direction, where matrix properties dominated, showed 
different results. As seen in Figure 38, decreasing test temperature led to increases in 
tensile modulus. At 23°C, some degree of nonlinearity can be seen in the stress-strain 
curve. At cryogenic temperatures, nonlinearity is no longer seen.
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Figure 38. Stress-strain curves for unidirectional IM7/977-2 composite tested in 
transverse tension.
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Shear behavior is shown in Figure 39. At 23°C, at strain levels below 6000 
microstrain, the stress-strain response was nearly linear. Further loading resulted in a 
highly nonlinear stress-strain curve, due to plastic deformation within the matrix resin 
and increasing levels of damage within the specimen. Testing at -196°C showed that the 
shear stiffness of the matrix had increased markedly. Some nonlinear deformation was 
observed at -196°C, beginning at approximately 5000 microstrain, though to a lesser 
extent than was seen at 23°C. At -269°C, the stress-strain curve was nearly linear.
The nearly linear stress-strain response shown in Figure 40 indicates that the stress- 
strain behavior of the Ortho-A laminates was dominated by the three zero-degree plies in 
the midplane of those specimens. The stress-strain behavior of the Ortho-B laminates, 
which were composed entirely of ±65° plies, exhibited a strong dependence on test 
temperature. As shown in Figure 41, at 23°C the modulus was significantly lower than at 
cryogenic temperature, and the stress-strain curve was noticeably nonlinear. At -196°C 
and -269°C, the modulus was comparable, and the stress-strain curves were linear all the 
way out to failure. The linearity of the stress-strain behavior of the Ortho-C laminates 
indicates that their response to tensile loading was controlled by the two zero-degree plies 
in that laminate. Figure 42 shows that their modulus was rather insensitive to test 
temperature, and the stress-strain curves were nearly linear.
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Figure 40. Stress-strain curves for Ortho-A IM7/977-2 composite tested in 
tension.
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Figure 42. Stress-strain curves for Ortho-C IM7/977-2 composite tested in 
tension.
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1 . 2  U n i d i r e c t i o n a l  T e n s i l e  M o d u l u s
The effects of test temperature and material conditioning method on the longitudinal 
modulus of IM7/977-2 are detailed in the following sections. The modulus data for each 
specimen are shown in Table 7. The replicate data at each temperature and material 
condition were averaged, and these data are given in Table 8 . Bar charts showing 
laminate tensile modulus as a function of test temperature and pre-conditioning method 
can be found in the figures following the narrative.
1.2.1. Effects o f Test Temperature
In all conditions, longitudinal modulus (En) decreased as temperature decreased, 
though the magnitude of the effect varied with material pre-conditioning. The effect of 
temperature was strongest on the material in the Baseline condition, which showed 
modulus reductions of approximately 22 percent at -196°C and 12 percent at -269°C. 
After Isothermal conditioning, the reductions in modulus decreased by half. For example, 
En was approximately 10 percent lower at -196°C and 6  percent lower at -269°C. En of 
the material in Iso+Load condition was nearly unchanged from Baseline, with reductions 
of approximately 2 percent at both -196°C and -269°C. Specimens in Iso+MechCycled 
condition showed no change in En at -196°C and an 8  percent reduction at -269°C. The 
En data are plotted as a function of test temperature in Figure 43. Transverse tensile 
modulus (E22) increased in a nearly linear manner with reductions temperature. In 
Baseline condition, E22 increased approximately 34 percent at -196°C. At -269°C, E22 of 
the Baseline material increased by 43 percent. After Isothermal aging, E22 increased by











Table 7. Unidirectional tensile modulus data, IM 7/977-2 com posite, tested at 23°C, -196°C, and -269°C.
Pre-condition __ E„ [GPal E22 TGPal G , 2 fGPal
23°C -196°C -269°C 23°C -196°C -269°C 23°C -196°C -269°C
176.09 153.06 166.99 8.34 11.38 11.60 5.89 — 7.72
Baseline 164.79 116.11 158.65 8 . 2 0 11.17 1 2 . 0 0 6.62 — 7.65
199.60 152.31 150.03 8.27 10.82 17.44 6.08 7.17 7.93
166.72 148.03 147.14 8.34 10.55 11.31 4.86 7.03 7.93
Isothermal 155.82 148.51 — 8.14 1 1 . 1 0 11.36 4.81 7.58 7.93
164.58 143.62 159.06 8.34 10.96 11.79 5.23 7.03 7.79
161.96 158.58 155.06 5.57 7.17 7.93
Iso+Load 160.86 165.68 159.75 not tested 1 not tested :not tested : 5.31 8 . 2 0 8 . 0 0
160.10 151.27 157.68 5.81 7.45 -
166.85 155.00 145.48 5.59 7.38 7.65
Iso+McchCyclcd 159.75 166.16 160.65 not tested : not tested 1not tested •* 5.90 8 . 2 2 7.93
158.10 162.86 138.52 - 8.55 7.79
Table 8. Unidirectional tensile modulus for unidirectional IM 7/977-2 com posite, tested at 23°C, -196°C, and -269°C. Each 
data point represents the average o f the replicates shown in Table 7.
Condition
E,|[Gpa E22 [Gpa] G 12 [Gpa]
23°C -196°C -269°C 23°C -196°C -269°C 23°C -I96°C -269°C
Baseline 180.2 ± 17.8 140.5 ±21.1 158.6 ± 8.48 8.27 ± 0.07 11.12 ± 0 .28 11.80 ±0 .28 6.20 ± 0 .38 7.17* 7.77 ±0 .14
Isothermal 162.4 ± 5.77 146.7 ± 2 .70 153.1 ± 8.43 8.27 ± 0 .12 10.87 ± 0 .2 9 11.48 ±0 .27 4.96 ±0 .23 7.22 ± 0.32 7.90 ±0.11
Iso+Load 161.0 ±0 .94 158.5 ± 7.21 157.5 ±2 .35 not tested 5 not tested 1 not tested 1 5.56 ± 0 .25 7.61 ± 0 .54 7.96 ± 0.05
Iso+MechCycled 161.6 ± 4 .66 161.3 ± 5.74 148.2 ± 11.3 not tested * not tested 1 not tested ' 5.74 ±0 .22 8.06 ± 0.60 7.79 ±0 .14
* [90] 13 specimens could not be conditioned under load or cycling due to specimen breakage. 
f Only one data point was available.
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31 percent and 39 percent at -196°C and -269°C, respectively. The E22 data are plotted as 
a function of test temperature in Figure 44.
Shear modulus (G12) increased monotonically with reductions in test temperature.
The effect was smallest in the Baseline specimens, which showed an average increase in 
G 12 of 16 percent at -196°C and 25 percent at -269°C. However, G 12 of the Isothermal 
specimens increased 45 percent at -196°C and 59 percent at -269°C. The materials in 
Iso+Load and Iso+MechCycled conditions were less strongly affected then the 
Isothermal specimens, but markedly more so than the un-aged material. A bar chart of the 
variation of G 12 with test temperature can be found in Figure 45.
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Figure 43. Longitudinal tensile modulus o f IM7/977-2 as a function o f test 







Figure 44. Transverse tensile modulus o f IM 7/977-2 unidirectional laminate as a 
function o f  test temperature, tested in Baseline and Isothermal conditions.
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Figure 45. Unidirectional shear modulus o f IM 7/977-2 unidirectional laminate as 
a function o f test temperature.
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1.2.2. Effects o f Conditioning
The influence of pre-conditioning on the longitudinal tensile modulus of IM7/977-2 
varied with test temperature. At 23°C, all conditioning methods reduced longitudinal 
modulus by 10-11 percent, relative to the Baseline condition. When testing was 
performed at -196°C, a trend of generally increasing tensile modulus with increasing 
severity of pre-conditioning was found. En increased by approximately 4 percent, 13 
percent, and 14 percent in the specimens in Isothermal, Iso+Load, and Iso+MechCycled 
conditions, respectively. At -269°C, small reductions in En were apparent in the 
conditioned materials, with the general trend being larger reductions with increasing 
severity of pre-conditioning. A bar plot of the variation of Ei i with pre-conditioning 
method can be found in Figure 46.
Isothermal conditioning of 90° specimens caused small reductions in E22 under 
cryogenic testing. Overall, the effects of pre-conditioning were negligible, compared to 
the effects of cryogenic test temperature. No effect on shear modulus due to conditioning 
was noted under testing at 23°C. Transverse tensile modulus is plotted as a function of 
material condition in Figure 47.
Shear modulus exhibited a similar dependence on pre-conditioning to that observed 
in E n. At 23°C, G 12 of the Isothermal specimens was 20 percent lower than the Baseline 
specimens. The addition of load during conditioning reduced the effect. G 12 was reduced 
by 10 percent in the Iso+Load condition and by 7 percent in the Iso+MechCycled 
condition. At -196°C, the opposite trend with respect to conditioning was observed. 
Isothermal specimens showed no change in shear modulus. Iso+Load specimens showed 
a 6  percent increase in Gi2 ,and Iso+MechCycled specimens showed a 12 percent
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Figure 46. Longitudinal tensile modulus o f IM 7/977-2 as a function o f pre­
















Figure 47. Transverse tensile modulus o f IM 7/977-2 unidirectional laminate as a 
function o f pre-conditioning, tested at 23°C, -196°C, and -269°C.
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increase. At -269°C, the effect of conditioning on Gi: was smaller, and the trend was one 
of decreasing modulus with increasing severity of pre-conditioning. A 3 percent 
reduction in G 12 was noted in the Iso+Load specimens. Smaller effects were seen in the 
Isothermal and Iso+MechCycled conditions. The average transverse modulus data are 
plotted in Figure 48.
1 . 3  U n i d i r e c t i o n a l  T e n s i l e  S t r e n g t h
The effects of test temperature and material conditioning method on the unidirectional 
strength of IM7/977-2 are detailed in the following sections. The strength data for each 
specimen are shown is Table 9. The replicate data were averaged, and these data are 
provided in Table 10. Bar charts, showing laminate tensile strength as a function of test 
temperature and pre-conditioning method, can be found in the figures following the 
narrative.
1.3.1. Effects o f Test Temperature
Longitudinal tensile strength (Sn) was significantly reduced at cryogenic temperatures. 
For the Isothermal specimens, a -196°C test temperature appeared to be the worst case. In 
other conditions, Sn decreased monotonically with decreasing test temperature. The 
reduction in Si 1 at -196°C varied considerably with sample condition. At -269°C, 
specimens in all conditions showed a uniform reduction in Sn of approximately 50 
percent. Cryogenic temperature increased transverse tensile strength (S22) in both 
Baseline and Isothermal specimens by approximately 40 percent. The Baseline specimens 
showed an inverse monotonic dependence of S22 on temperature. In these specimens, S22 
increased by 40 percent when tested at -196°C and showed a further increase to 45
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Figure 48. Unidirectional shear modulus o f IM 7/977-2 unidirectional laminate as 
a function o f pre-conditioning, tested at 23°C, -196°C, and -269°C.











Table 9. Longitudinal tensile strength and shear strength, IM 7/977-2 com posite, tested at 23°C, -196°C, and -269°C.
Condition SM [GPa] S22 rcpai S 12 TGPal
23°C -196°C -269°C 23°C -196°C -269°C 23°C -196°C -269°C
176.09 153.06 166.99 8.34 11.38 11.60 5.89 — 7.72
Baseline 164.79 116.11 158.65 8 . 2 0 11.17 1 2 . 0 0 6.62 - 7.65
199.60 152.31 150.03 8.27 10.82 17.44 6.08 7.17 7.93
166.72 148.03 147.14 8.34 10.55 11.31 4.86 7.03 7.93
Isothermal 155.82 148.51 — 8.14 1 1 . 1 0 11.36 4.81 7.58 7.93
164.58 143.62 159.06 8.34 10.96 11.79 5.23 7.03 7.79
161.96 158.58 155.06 5.57 7.17 7.93
Iso+Load 160.86 165.68 159.75 not tested f not tested f not tested + 5.31 8 . 2 0 8 . 0 0
160.10 151.27 157.68 5.81 7.45 -
166.85 155.00 145.48 5.59 7.38 7.65
Iso+MechCycled 159.75 166.16 160.65 not tested + not tested + not tested + 5.90 8 . 2 2 7.93
158.10 162.86 138.52 - 8.55 7.79
Table 10. Average longitudinal tensile strength and shear strength |M Pa] o f  1M7/977-2 laminates.
Condition
S,, [MPal S 22 [MPal S 12 TMPal
23°C -196°C -269°C 23°C -196°C -269°C 23 °C -196°C -269°C
Baseline 21 89  ± 3 6 1 1 7 4 9 +  389 1084.2 + 207 77.2 ±  6.6 1 0 8 .4 +  17.6 1 1 1 .9 +  16.4 3 3 4 . 6 +  7.6 308.5 + 1.2 3 0 9 .6 +  9.4
Isothermal 21 04  ±  78 835.3 + 27 1 0 3 5 .7 +  109 74.7  + 5.6 1 0 7 .9 +  10.2 1 0 3 .7 +  4 .0 357 .5  + 23.0 303.1 ± 8 . 6 3 1 6 . 5 +  2.9
Iso+Load 2103 ± 127 1 7 1 5 +  99 1 0 7 2 .9 +  5 not tested * not tested f not tested f 3 5 7 .9 +  14.9 296 .9  ±  7.5 3 2 4 . 0 +  4.9
Iso+McchCyclcd 209 0  ± 69 1400 + 280 1 0 7 2 .7 +  159 not tested + not tested + not tested f 3 6 6 . 7 +  0.5 298 .8  + 6.3 3 1 6 . 8 +  12.9
+ [90] 13 specimens could not be conditioned under load or cycling due to specimen breakage.
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percent at -269°C. In the Isothermal specimens, S22 increased by 44 percent at -196°C. At 
-269°C, a 5 percent reduction in S22 was noted, compared to the value measured at 
-196°C.
Shear strength (S12) decreased at cryogenic temperatures in all of the pre-conditioned 
specimens. Baseline specimens exhibited an 8  percent reduction in S12 at both -196°C 
and -269°C, compared to the room temperature value. For cryogenically aged specimens, 
testing at -196°C reduced S12 by 15-19 percent. Further reduction in test temperature to 
-269°C resulted in an increase in shear strength of 4-8 percent. The effect was dependent 
of the conditioning history of the specimen. Bar charts showing the trends in changes in 
Si 1, S2 2, and S12 as a function of test temperature can be found in Figure 49, Figure 50, 
and Figure 51.
1.3.2. Effects o f Conditioning
Pre-conditioning was found to reduce Si 1 at all test temperatures. However, the 
effects were highly dependent on test temperature. At 23°C, a uniform reduction in Sn of 
approximately 4 percent was observed for all cryogenically conditioned specimens. In 
testing at -196°C, Isothermal specimens exhibited a 52 percent reduction in Sn, and 
Iso+MechCycled specimens showed a 20 percent reduction in Sn -The reasons for the 
large strength reduction in the Isothermal specimens was unclear. Iso+Load specimens 
exhibited only a 2 percent reduction in Si 1 at -196°C. At -269°C, the longitudinal tensile 
strength of Isothermal specimen was sharply higher than that seen at -196°C, i.e. 4 
percent below the Baseline average versus 52 percent lower at -196°C. A similar trend 
was noted in Iso+MechCycled specimens, which had an average Sn only 1 percent lower 
than the Baseline value at -269°C versus a 20 percent reduction at -196°C as previously
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Figure 49. Longitudinal tensile strength o f IM 7/977-2 unidirectional laminate as 





















Figure SO. Transverse tensile strength strength o f IM 7/977-2 unidirectional 
laminate as a function o f test temperature.
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Figure 51. Shear strength o f IM7/977-2 [±45]3s laminate as a function o f test 
temperature.
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noted. Sn is shown as a function of pre-conditioning in Figure 52.
The effects of conditioning on transverse tensile strength were more modest. 
Isothermal conditioning reduced S2: by approximately 3 percent at 23°C and by 7 percent 
at -269°C. No significant effect of conditioning was noted at -196°C. The transverse 
tensile strength is plotted as a function of pre-conditioning in Figure 53.
The effects of conditioning on shear strength were dependent of test temperature. As 
seen in Figure 54, Isothermal and Iso+Load conditioning increased shear strength by 7 
percent at 23°C. An increase of 10 percent in S12 was noted in Iso+MechCycled 
specimens at 23°C. All conditioning methods caused modest decreases in S12 at -196°C, 
with decreases of 2-4 percent observed. At -269°C, pre-conditioning was observed to 
increase shear strength between 2 percent and 5 percent.
2. Laminate Tensile Properties
2 . 1  L a m i n a t e  M o d u l u s
The effects of test temperature and material conditioning method on the modulus of 
IM7/977-2 laminates are detailed in the following sections. Ortho-A, Ortho-B, and Ortho- 
C laminates were tested. The modulus data for each specimen are shown in Table 11. The 
averages of the replicate modulus data are shown in Table 12. Bar charts that show 
laminate tensile modulus as a function of test temperature and pre-conditioning method 
can be found in the figures following the narrative.
2 . 1 . 1 .  Effects o f Test Temperature
Cryogenic temperature caused small (less than 10 percent) increases in tensile 
modulus (Exx) of the Ortho-A laminate, relative to the modulus at room temperature. As
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Figure 52. Longitudinal tensile strength o f IM 7/977-2 unidirectional laminate as 
a function o f pre-conditioning, tested at 23°C, -196°C, and -269°C.
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Figure 53. Transverse tensile strength o f IM 7/977-2 unidirectional laminate as a 
function o f pre-conditioning, tested at 23°C, -196°C, and -269°C.
























Figure 54. Shear strength o f IM7/977-2 [±45j3s laminate as a function o f pre­
conditioning, tested at 23°C, -196°C, and -269°C.












Table 11. Longitudinal tensile modulus data for three IM 7/977-2 com posite laminates, tested at 23°C, -196°C, and -269°C.
Condition Ortho-A Ortho-B Ortho-C
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— denotes a failed test. No modulus data is available.
Table 12. Average longitudinal tensile modulus[Gpa], for three IM 7/977-2 com posite lam inates, tested at 23°C, -196°C, 




23 °C -196°C -269°C 23°C -196°C -269°C 23°C -196°C -269°C
Baseline 52.75 ± 2.45 52.02 ± 0.63 55.74 ± 2.37 12.30 ±0 .25 13.10 ± 1.72 51.27 ±0 .02 50.70 ± 5 .17 54.70 ± 1.66 53.61 ±0 .03
Isothermal 55.96 ± 1.19 52.58 ± 5.56 53.68 ± 0.96 13.49 ± 1.22 13.49 ±4.92 52.77 ± 0 .86 54.24 ± 2.79 49.66 ± 1.16 51.88 ± 0 .68
Iso+Load 50.54 ± 1.92 52.75 ± 0 .37 52.02 ± 0.24 9.65 ± 0 .18 12.30 ± 1.21 13.10 ± 0.29 51.27 ± 0 .69 50.70 ± 1.19 54.70 ± 2 .52
Iso+MechCycled 51.13 ± 2.58 55.96 ± 2.02 52.58 ± 1.59 9.42 ± 0.04 13.49 ± 0 .7 0 13.49 ±0 .08 52.77 ± 2 .76 54.24 ± 2 .14 49.66 ± 5.95
K>
122
can be seen in Figure 55, the increase was generally greater at -196°C than at -269°C.
The exception was the Baseline specimens, which showed a 4 percent decrease in Sxxat 
-196°C and a 2 percent increase at -269°C.
The tensile modulus of the Ortho-B laminates increased significantly at cryogenic 
temperature. In the case of Baseline and Isothermal-conditioned specimens, the increase 
was greatest at -196°C. Ortho-B specimens in Baseline condition increased in stiffness by 
49 percent at -196°C and by 38 percent at -269°C. Specimens in Isothermal condition 
increased in stiffness by 55 percent and 28 percent, at -196°C and -269°C respectively. 
The reported average modulus of the Isothermal Ortho-B material at -196°C is nearly 
certain to overestimate actual modulus at that temperature. One of the three replicate tests 
yielded bad data, and another gave a modulus value approximately twice the expected 
value. This is clearly seen in the large error bar in Figure 56. The Iso+MechCycled 
specimens increased in average tensile modulus by 43 percent at both cryogenic 
temperatures. Iso+Load specimens increased in stiffness by 27 percent at -196°C, and 
showed a 36 percent stiffness increase at -269°C.
The effect of test temperature on the tensile modulus of Ortho-C specimens was 
small. The largest change in Exx at -196°C was a decrease of 6  percent in the Baseline 
specimens. In testing at -269°C, the Iso+Load material increased in stiffness by 
approximately 7 percent. Overall, there were no clear trends in modulus as a function of 
test temperature in the Ortho-C material. The average modulus data for Ortho-C material 
is plotted in Figure 57.
















[4 5 /903/-4 5 /03)s
Baseline Isothermal Iso+load 
Precondition
Iso+mech cycle
Figure 55. Longitudinal tensile modulus o f Ortho-A [ 4 5 / 9 0 j / - 4 5 / 0 3 ] s  IM 7/977-2 





Figure 56. Longitudinal tensile modulus o f Ortho-B [±65]3s IM 7/977-2 laminate 
as a function o f  test temperature, tested at 23°C, -196°C, and -269°C.
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Figure 57. Longitudinal tensile modulus o f Ortho-C [65/0/-65/90js IM7/977-2 
laminate as a function o f temperature.
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2.1.2. Effects o f Conditioning
The effects of pre-conditioning on the longitudinal modulus of the Ortho-A material 
were temperature dependent. At 23°C, Isothermal and Iso+Load conditioning reduced Exx 
approximately 7 percent, whereas Iso+MechCycled conditioning caused a reduction of 6 
percent. In testing at -269°C, Isothermal conditioning reduced ExX by approximately 4 
percent, whereas Iso+Load and Iso+MechCycled conditioning reduced Exx approximately 
7 and 8 percent, respectively. In contrast to the effects of conditioning at 23°C and 
-269°C, in testing at -196°C, Ortho-A specimens in Isothermal condition showed a slight 
trend of increasing Exx with pre-conditioning. A bar chart, showing the effects of pre­
conditioning on the average modulus values of the Ortho-A specimens can be found in 
Figure 58.
The effects of pre-conditioning on Ortho-B laminates were less clear. Refer to Figure 
59 for a plot of modulus data for the Ortho-B specimens as a function of pre­
conditioning. At 23°C, Ortho-B laminates in Isothermal condition showed an increase in 
Exx of approximately 4 percent compared to Baseline, though the change was small 
relative to the scatter in the data. Pre-conditioning resulted in a decrease in Exx of 
approximately 2 percent. Iso+MechCycled laminates showed a 4 percent reduction in E^. 
At -196°C, the general trend in Exx with conditioning remained the same, but the 
magnitude of the effects was larger. There was an increase in modulus in the Isothermal 
sample, but the increase was larger, 8 percent. As was mentioned previously, this 
modulus value is likely to overestimate the actual modulus of this material at -196°C. 
Similar to its behavior at 23°C, the modulus of Iso+Load material decreased at -196°C, 
though the decrease was larger at 16 percent. The decrease in Exx in the Iso+MechCycled
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samples was approximately 8 percent. At -269°C, all pre-conditioned Ortho-B specimens 
showed a slight decrease in Exx. Modulus decreased by 4 percent in the Isothermal and 
Iso+Load-conditioned specimens. No notable change was seen in the Iso+MechCycled 
specimens.
Conditioning reduced at 23°C in all of the Ortho-C specimens. Longitudinal 
modulus was reduced by 5 percent, 6 percent, and 3 percent in specimens conditioned by 
Isothermal, Iso+Load, and Iso+MechCycled methods, respectively. In testing at -196°C, 
Iso+Load specimens showed an increase in Exx of approximately 4 percent, whereas E^ 
in Iso+Load-conditioned specimens was unchanged. The modulus of specimens in 
Iso+MechCycled condition was approximately 6 percent higher that that measured in 
Baseline specimens at -196°C. On further reducing test temperature to -269°C, the trends 
reversed. Modulus in the Isothermal specimens decreased by 3 percent. Iso+Load- 
conditioned specimens showed a 2 percent increase in modulus relative to Baseline. 
Iso+MechCycled conditioning reduced modulus at -269°C by 7 percent. A plot of 
modulus data for the Ortho-B specimens as a function of pre-conditioning can be found 
in Figure 60.























Figure 58. Longitudinal tensile modulus o f Ortho-A [45/903/-45/0j]s IM 7/977-2 
laminate as a function o f pre-conditioning, tested at 23°C, -196°C, and -269°C.
IM7/977-2
Baseline Isothermal IsoHoad Iscmnech cyde 
Pnecondrtion
Figure 59. Longitudinal tensile modulus o f Ortho-B [±65]3S IM 7/977-2 laminate 
as a function o f pre-conditioning.
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-269X
Figure 60. Longitudinal tensile modulus o f Ortho-C [65/0/-65/9013S IM7/977-2 
laminate as a function o f pre-conditioning, tested at 23°C, -196°C, and -269°C.
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2 . 2  L a m i n a t e  T e n s i l e  S t r e n g t h
The effects of test temperature and material pre-conditioning method on the 
longitudinal tensile strength of IM7/977-2 laminates are detailed in the following 
sections. Ortho-A, Ortho-B, and Ortho-C laminates were tested. The strength data for 
individual specimens are shown is Table 13. The average tensile strengths are shown in 
Table 14. Bar charts that show laminate tensile strength as a function of test temperature 
and pre-conditioning method can be found in the figures following the narrative.
2.2.1. Effects o f Test Temperature
The longitudinal tensile strength (S**) of all Ortho-A specimens was reduced by 
cryogenic temperature. The trend was monotonic with respect to temperature, with lower 
test temperature resulting in lower tensile strength. The trends are clearly visible in 
Figure 61. Baseline specimens showed a 9 percent reduction in tensile strength when 
tested at -196°C and a 12 percent reduction at -269°C. Tensile strength of Isothermal- 
conditioned specimens was reduced by 7 percent at -196°C and by 9 percent at -269°C. 
Iso+Load conditioning had no discemable effect at -196°C, but reduced tensile strength 
of the Ortho-A laminate at -269°C by nearly 8 percent. When pre-conditioned by the 
Iso+MechCycled method, the tensile strength of Ortho-A was reduced by approximately 
2 percent at -196°C and by 10 percent at -269°C.
The tensile strength of the Ortho-B laminate at cryogenic temperature was 
significantly greater than the room temperature value for all conditions. The increase was 
greatest at -196°C. At -196°C, Sxx increased 36 percent, 24 percent, 32 percent, and 28 
percent in material tested in Baseline, Isothermal Iso+Load, and Iso+MechCycled 
conditions, respectively. On reducing the test temperature to -269°C, tensile strength
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dropped by 9-20 percent, but was still significantly higher than at room temperature. The 
strength data for the Ortho-B specimens are plotted in Figure 62.
The tensile strength of Ortho-C specimens at cryogenic temperatures was uniformly 
lower than that measured at room temperature. In all conditions except Isothermal, the 
strength was lowest at -196°C. The Baseline, Isothermal, and Iso+MechCycled 
specimens tested at -196°C had tensile strength reductions of 60 percent, 53 percent, and 
75 percent, respectively.
However, the Isothermal-conditioned material showed only a 7 percent reduction in 
tensile strength at -196°C. When the test temperature was reduced to -269°C, the tensile 
strength values generally increased relative to the strengths at -196°C. At -269°C, the 
specimens in Baseline, Iso+Load and Iso+MechCycled conditions showed decreases in 
tensile strength of 30 percent, 24 percent, and 17 percent, compared to 23°C. The tensile 
strength of the Isothermal-conditioned material at -269°C was approximately 28 percent 
lower than it was at 23°C. The strength of the Ortho-C material as a function of 
temperature is plotted in Figure 63.











Table 13. Longitudinal tensile strength data for three IM7/977-2 composite laminates, tested at 23°C, -196°C, and -269°C.
Longitudinal Tensile Strength, MPa
Material Ortho-A Ortho-B Ortho-C
23°C -196°C -269°C 23°C -196°C -269°C 23°C -196°C -269°C
748.09 701.89 677.07 102.11 140.86 103.42 840.48 435.68 741.88
Baseline 754.98 743.26 705.34 104.80 135.14 123.62 917.01 604.61 782.56
843.92 695.69 684.65 101.35 142.31 129.69 928.04 636.46 658.52
758.43 677.76 675.69 121.35 — 115.69 794.28 823.93 823.93
Isothermal 726.02 713.61 684.65 102.11 139.69 126.04 854.96 798.42 488.63
739.12 680.52 661.21 104.46 130.79 128.86 919.77 786.70 572.96
735.68 723.95 670.86 101.01 129.76 128.04 923.90 633.63 765.32
Iso+Load 719.13 728.09 678.45 99.29 134.03 128.86 924.59 681.90 692.93
725.33 726.02 663.97 99.01 132.17 128.04 832.89 442.65 800.49
___ 746.02 670.86 101.42 120.87 121.21 972.17 643.97 788.77
Iso+MechCycled 735.68 732.92 679.83 105.15 144.10 128.04 845.30 521.25 803.11
754.98 720.51 663.28 105.15 132.72 120.87 818.41 339.91 795.18
Table 14. Average longitudinal tensile strength [MPa] of IM7/977-2 laminates, tested at 23°C, -196°C, and -269°C.
Condition Ortho-A
Ortho-B Ortho-C
23°C -196°C -269°C 23°C -196°C -269°C 23°C -196°C -269°C
Baseline 777.0 ± 53.5 708.8 ± 25.9 684.3 ± 14.6 102.1 ± 1.8 138.5 ± 3 .8 118.1 ± 13.8 889.1 ± 4 7 .7 555.1 ± 107.9 722.7 ± 63.2
Isothermal 736.2 ± 16.3 685.9 ± 20.0 669.3 ± 11 .8 108.6 ± 10.5 134.3 ± 6 .3 122.7 ± 6.9 850.5 ± 62.8 797.6 ± 19.0 624.2 ± 174.4
Iso+Load 721.8 ± 8.4 721.1 ± 2.1 666.5 ± 7.2 99.1 ± 1.1 131.1 ±2.1 127.4 ± 0.5 887.7 ± 52.7 582.1 ± 126.5 747.8 ± 54.8
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Figure 61. Longitudinal tensile strength of Ortho-A [45/90j/-45/0j]s IM7/977-2 as 
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Figure 62. Longitudinal tensile strength of Ortho-B [±65Jjs IM7/977-2 as a 
function of test temperature.
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Figure 63. Longitudinal tensile strength o f Ortho-C [65/0/-6S/90]s IM 7/977-2 as a 
function o f test temperature.
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2.2.2. Effects o f Conditioning
Pre-conditioning consistently reduced the tensile strength of Ortho-A specimens at 
23°C and -269°C, but the magnitude of the reductions was generally small. Refer to 
Figure 64 for a plot of the data. At 23°C, Isothermal, Iso+Load, and Iso+MechCycled 
conditioning reduced S,„ by nearly 5 percent. At -269°C, Isothermal conditioned 
specimens showed a 2 percent reduction in tensile strength. Specimens in Iso+Load and 
Iso+MechCycled conditions lowered S,„ by 2 percent weaker in tension relative to 
Baseline. At -196°C, the effects were mixed. The tensile strength of Isothermal- 
conditioned Ortho-A specimens was approximately 3 percent lower than at 23°C. The 
specimens conditioned under load (Iso+Load and Iso+MechCycled) showed increases in 
tensile strength of 2 percent and 3 percent, respectively.
As can be seen in Figure 65, there were no definitive trends in the tensile strength of 
Ortho-B specimens with conditioning. At 23°C, specimens exposed to Isothermal 
conditioning had tensile strength 6 percent higher than Baseline. Iso+Load specimens 
showed a 3 percent reduction, and Iso+MechCycled specimens showed a 1 percent 
increase in tensile strength compared to Baseline. At -196°C, Isothermal specimens lost 3 
percent of their tensile strength, Iso+Load and Iso+MechCycled specimens lost 5 percent. 
At -269°C, the conditioned specimens displayed small, consistent increases in tensile 
strength. Isothermal specimens were 4 percent stronger than Baseline specimens, whereas 
the Iso+Load material gained 7 percent. Iso+MechCycled-conditioned material was 
approximately 4 percent stronger in tension at -269°C, compared to Baseline at the same 
temperature.
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The effects of conditioning on Ortho-C specimens were modest at room temperature. 
Isothermal-conditioned specimens were 4 percent weaker in tension on average, relative 
to Baseline tensile strength at 23°C, and Iso+MechCycled specimens were approximately 
2 percent weaker. The Isothermal specimens were unchanged from Baseline. In contrast 
to its room temperature behavior, at -196°C, Isothermal-conditioned Ortho-C showed an 
increase in Sx* of 44 percent. The Iso+Load exhibited only a 5 percent increase in Sx.x, 
whereas the Iso+MechCycled-conditioned material showed an approximate 10 percent 
decrease in tensile strength. When testing was conducted at -269°C, the Isothermal- 
conditioned material was weaker than Baseline in tension by 14 percent, and the 
Iso+Load specimens were 4 percent stronger. Iso+MechCycled-conditioned specimens 
were 9 percent stronger at -269°C than the Baseline specimens. The Ortho-C strength 
data is plotted as a function of pre-conditioning in Figure 66.
























Figure 64. Longitudinal tensile strength o f Ortho-A [45/90j/-45/03ls IM 7/977-2 as 











Figure 65. Longitudinal tensile strength o f Ortho-B |±65|3S IM 7/977-2 as a 
function o f  pre-conditioning, tested at 23°C, -196°C, and -269°C.























Figure 66. Longitudinal tensile strength o f Ortho-C [65/0/-65/90]s IM 7/977-2 as a 
function o f pre-conditioning, tested at 23°C, -196°C, and -269°C.
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3. Failure Mode Observations
Specimens were photographed after testing to illustrate the differences in failure 
modes of each layup at the three test temperatures. Specimens in Isothermal condition 
were chosen. Each set of photographs, with one exception, shows specimens tested at 
23°C, -196°C, and -269°C.
Unidirectional [0] 12 specimens are shown in Figure 67. The [0]i: specimens that were 
tested at room temperature typically split into a large number of fragments. Final failure 
in many cases was due to fiber failure at the grips. At -196°C, failure also took the form 
of longitudinal splitting. However, far fewer splits formed before final failure occurred. 
Splits appeared to originate at the end at which final failure occurred. Some splitting was 
arrested at the grip on the opposite end of the specimen. When testing at -269°C, the 
amount of longitudinal spitting was reduced further. As at the other temperatures, final 
failure occurred at one grip. The similar nature of the failures of the [0]i2 specimens at all 
three test temperatures correlates with the similarity of the stress-strain curves seen in 
Figure 37. The greater amount of longitudinal splitting found at higher test temperatures 
may be attributed to a more secure grip on the specimen, and hence better load transfer 
into the specimen. This is also seen in the clear downward trend in ultimate tensile 
strength seen in Figure 49.
Unidirectional specimens cut in the 90° direction failed in the gage section. The 
breaks were clean at all test temperatures, and no noticeable differences in failure were 
evident. The failure surface of a [90]i2 specimen, tested at 23°C, is shown in Figure 68. 
All failures of a [90]i2 are likely to be due to tensile failure of the resin.
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Figure 67. Failed unidirectional specimens tested at 23°C, -196°C, and -269°C.
Figure 68. Failed [90] 12 specimen, tested at 23°C.
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The failure behavior of [±45]3s specimens varied significantly with changes in test 
temperature. In general, failure occurred in the gage section. At 23°C, the failure appears 
to originate within the surface plies. Final failure appears to be due to fiber breakage in 
interior plies. A large number of fiber bundles are present at the break, as is clearly seen 
on the left-hand side of Figure 69. The visible fiber bundles are likely due to the 
accumulation of a large amount of microcrack damage during testing, as evidenced by the 
observed highly non-linear nature stress-strain behavior of these specimens at room 
temperature. At -196°C the failure mode appears to largely involve interlaminar shear 
failure. Plies remained mostly intact, though cracking of ply groups in the interior of the 
specimen and some signs of delamination were seen near the break. At -269°C, the 
amount of microcrack damage was less then that seen at -196°C. Final failure appeared to 
be dominated by interlaminar shear. The progressively brittle failure behavior is also 
reflected in the stress-strain curves seen in Figure 36 and in the reduction in shear 
strength evident in Figure 51.
Ortho-A test specimens tended to fail near the grips at all test temperatures, and they 
tended to break into several pieces as the load was suddenly released. Figure 70 shows 
typical specimens after testing. A close-up of the initial damage is shown in Figure 71. At 
23°C, Ortho-A specimens appeared to fail in the outer plies, with the 0° plies at the 
laminate center failing last. Numerous fragments of the 90° and ±45 plies are present at 
the break. At -196°C, the amount of damage present at the break appears to be markedly 
reduced. The large sections of intact, overlapping laminae at the break indicate that ply 
delamination may be an important damage mechanism, and it may be the cause of the 
reductions in tensile strength seen in Figure 61.
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Figure 69. Failed [±45]3s specimens tested at 23°C, -196°C, and -269°C.
Figure 70. Failed Ortho-A specimens tested at 23°C, -196°C, and -269°C.The 
failure surface was generally oriented in one o f the ±45 directions.
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Figure 71. Close-up o f  breaks in Ortho-A specimens.
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Failure of the Ortho-B specimens was similar at all three test temperatures. The final 
failure is oriented 65° to the longitudinal direction. At 23°C a large number of individual 
fibers are present at the failure surface. This is clearly seen in Figure 72. Splitting along 
the fiber direction is seen in the surface plies near the break. The non-linearity of the 
stress-strain curve of the Ortho-B specimen in at 23°C in Figure 38 shows that this layup 
was able to sustain considerable damage and still carry load at 23°C. At both cryogenic 
temperatures, the splitting was noticeably reduced. The stress-strain curves in Figure 38 
at cryogenic temperatures indicate a generally brittle failure. The increases in tensile 
strength of the Ortho-B laminates at -196°C (Figure 62) are likely due to the increase in 
tensile strength of the resin. The drop in tensile strength at -269°C is attributable to an 
increase in brittleness of the resin as temperature decreases.
Ortho-C specimens are shown after tensile testing in Figure 73. Like the Ortho-A 
specimens, most Ortho-C specimens failed at the grips. On final failure, the broken 
specimen broke into numerous fragments. Specimens tested at 23°C showed evidence of 
microcracking and delamination within plies adjacent to the break. At -196°C and 
-269°C, the break was much cleaner. At all temperatures, the final failure surface in 
Ortho-C specimens was oriented along the ±30° directions.
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Figure 73. Failed Ortho-C specimens tested at 23°C, -196°C, and -269°C
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B. Results of Coefficient of Thermal Expansion Measurements
Two CTE characterization experiments were carried out on unidirectional laminates 
to determine the in-plane lamina-level expansion coefficients of IM7/977-2 in the four 
pre-conditions. The first experiment measured the CTE from -196°C to room 
temperature, using liquid nitrogen as a coolant. The second experiment used liquid 
helium to attempt to reach a lower minimum temperature. Several problems were 
encountered in the second experiment. Firstly, the temperature of liquid helium was 
found to be below the range of measurement for the thermocouple scanner, which cast 
some doubt as to the accuracy of the temperature measurements below -200°C. Secondly, 
the dense water vapor fog in the insulated box prevented any visual confirmation that the 
specimens were ever submerged in liquid helium. Lastly, early in the experiment, one 
strain channel on the Isothermal-conditioned specimen was lost. The data report herein, 
therefore, is from the first experiment under liquid nitrogen.
Strain-temperature data from the first experiment are shown in Figure 74. A 
significant amount of noise was present in some of the strain data. The noise was a 
particularly prevalent in the Iso+MechCycled data. Temperature-strain data points were 
taken at 10°C and 20°C increments from data files of each specimen. These data are 
compiled in Table 15 and Table 16. Using the method described in the Experimental 
Methods section of this dissertation, CTE was estimated from the two data sets.
The results of the instantaneous CTE calculations, using the strain gage method are 
tabulated in Table 17 through Table 20. The resulting CTE curves are plotted in Figure 
75 and Figure 76. The change in thermal strain with temperature in the copper
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Figure 74. Temperature-strain data from CTE measurement on IM7/977-2 
unidirectional composite.











Table 15. Tem perature and strain data chosen for CTE calculation on IM 7/977-2 unidirectional laminate. 20°C 
temperature increment.
Copper Baseline Isothermal Isothermal-* Load Isothermal-* MechCycled
Temperature Strain T cmpcraturc Long. Transverse Temperature Long. Transverse Temperature Long. Transverse Temperature Long. T rans verse
[°C1 [m e ] rc i [m e I [m e ] [°C] [m e ] [m e ] [°Cj [ m e ] [m e] [°C] [ME] [ME]
-191.7 -4834 -187.7 -1710 -6419 -189.0 -1731 -6624 -190.6 -1751 -6680 -191.5 -1729 -6653
-169.8 -4325 -170.8 -1369 -5670 -170.0 -1368 -5920 -170.6 -1421 -6069 -170.3 -1366 -5874
-150.6 -3822 -150.3 -1090 -5034 -150.4 -1091 -5283 -150.6 -1 143 -5437 -150.3 -1103 -5255
-130.4 -3319 -130.0 -855 -129.7 -852 -4629 -130.7 -904 -4809 -130.3 -881 -4677
-110.0 -2811 -110.0 -654 -3866 -110.2 -660 -4027 -109.7 -681 -4147 -110.1 -674 -4065
-90.2 -2313 -90.2 -486 -3297 -89.8 -484 -3399 -89.8 -499 -3511 -90.5 -494 -3441
-70.0 -1871 -70.1 -343 -2715 -70.0 -343 -2793 -70.0 -354 -2901 -70.1 -351 -2842
-50.1 -1408 -50.2 -226 -2135 -49.9 -229 -2183 -50.0 -230 -2268 -50.4 -230 -2225
-30.0 -1005 -30.1 -133 -1540 -30.0 -135 -1571 -30.0 -138 -1656 -30.3 -138 -1626
-10.0 -602 -10.1 -65 -955 -9.9 -67 -933 -10.1 -67 -1010 -10.1 -6 8 -994











Table 16. Tem perature dependent coefficient o f therm al expansion o f IM 7/977-2 undirectional com posite. 10°C 
temperature increment.
Baseline Isothermal Isothermal+Load Isothermal+MechCyclcd
Temperature Oblong. Ct transverse T cmperature Oblong. Cttransverse Temperature Ctlong. Ct transverse Temperature C^long. Ct transverseA
PCI rio  6/ ° c i r i o V c i PCI r i o 6/ ° c i r l o 6/ ° c i PC] rio-6/ ° c i r i o V c i PC] [ 10'6/ ° c i f l 0 '6/ ° c i
-187.7 5.8 30.1 -189.0 6.2 23.6 -190.6 2.2 15.9 -191.5 3.2 24.5
-180.1 7.9 31.6 -180.1 5.5 24.0 -180.1 3.7 18.2 -180.0 3.7 21.3
-170.8 -3.2 14.8 -170.0 -2.0 16.2 -170.6 -3.8 12.7 -170.3 -4.1 13.3
-159.8 0.8 17.6 -159.9 0.5 19.0 -160.4 2.0 20.9 -159.9 0.9 19.0
-150.3 -0.1 17.1 -150.4 0.0 19.6 -150.6 0.7 20.1 -150.3 -0.5 17.2
-140.2 -0.7 17.3 -140.0 -0.9 19.5 -139.7 -0.8 19.0 -139.6 -1.3 16.7
-130.0 -0.8 17.2 -129.7 -0.9 19.3 -130.7 0.2 21.1 -130.3 -0.4 19.2
-120.4 -1.4 18.3 -120.3 -1.6 20.3 -120.1 -1.2 19.7 -120.0 -1.3 19.2
-110.0 -0.6 19.5 -110.2 -0.6 21.1 -109.7 0.3 23.3 -110.1 -0.3 21.1
-100.0 -3.9 16.4 -100.3 -3.6 18.9 -100.2 -3.3 19.3 -100.2 -2.8 21.1
-90.2 -1.9 19.6 -89.8 -2.2 20.6 -89.8 -1.5 22.0 -90.5 -1.8 21.4
-80.0 1.4 24.3 -79.9 1.6 25.8 -80.0 1.4 25.0 -80.2 1.0 22.6
-70.1 -1.7 22.4 -70.0 -2.0 23.2 -70.0 -1.6 23.1 -70.1 -1.9 22.2
-60.1 -3.7 20.6 -60.1 -3.8 20.6 -60.0 -3.3 22.9 -60.0 -3.0 23.3
-50.2 -0.1 24.9 -49.9 0.4 25.5 -50.0 -0.2 24.7 -50.4 -0.1 24.4
-40.0 -1.8 25.5 -40.0 -2.0 24.9 -40.0 -1.7 25.3 -40.0 -1.9 24.0
-30.1 -4.0 22.2 -30.0 -3.6 22.9 -30.0 -3.5 25.4 -30.3 -3.6 25.3
-19.9 -0.3 28.5 -20.0 -0.6 29.3 -20.1 -0.4 28.5 -20.0 -0.5 26.3




reference specimen varied in an approximate cyclic manner over much of the temperature 
range,, especially above -100°C. The problem is clearly visible in the CTE curves in 
Figure 75 and Figure 76. The variations in the reference specimen strain data was most 
problematic in calculating longitudinal CTE, where strain levels in the composite samples 
were considerably less that the variability in the reference sample data. This made the 
dependence of CTE on temperature difficult to assess. The transverse CTE of the 
composite specimens varied from approximately 28 x lO'V’C at 0°C to approximately 17 
x lO'V’C at -150°C. Between -50°C and -170°C, the CTE of the Baseline specimens was 
noticeably lower than the conditioned specimens. Below -150°C, the apparent CTE 
increased markedly. The increase was attributed to experimental error due to high heating 
rates as the last of the liquid nitrogen cryogen boiled off.











Table 17. CTE calculations for IM7/977-2 unidirectional specimen in Baseline condition.
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[P E /P E ]
(£„-Ep)/AT+ap
[PE/PE/°C1
-187.7 -1710 -6419 341.3 508.6 17.0 -167.3 -0.2 749.1 508.6 17.0 240.6 23.8
-170.8 -1369 -5670 279.1 503.5 20.5 -224.4 0.5 635.5 503.5 20.5 132.1 17.9
-150.3 -1090 -5034 234.1 502.5 20.2 -268.3 -0.6 590.6 502.5 20.2 88.1 17.0
-130.0 -855 -4444 201.1 507.7 20.0 -306.6 -2.0 578.1 507.7 20.0 70.5 16.9
-110.0 -654 -3866 168.0 498.8 19.9 -330.8 -2.5 568.9 498.8 19.9 70.1 17.7
-90.2 -486 -3297 143.7 442.1 20.1 -298.3 0.1 581.4 442.1 20.1 139.4 21.9
-70.1 -343 -2715 117.0 462.2 19.9 -345.1 -1.9 580.7 462.2 19.9 118.6 21.4
-50.2 -226 -2135 92.7 403.5 20.1 -310.8 0.4 594.1 403.5 20.1 190.6 25.3
-30.1 -133 -1540 67.5 402.6 20.0 -335.1 -0.6 585.9 402.6 20.0 183.3 25.3
-10.1 -65 -955 26.8 199.3 10.1 -172.5 -0.8 302.1 199.3 10.1 102.8 26.5












Table 18. CTE calculations for IM 7/977-2 unidirectional specimen in Isothermal condition.



























-189.0 -1731 -6624 363.5 508.6 19.0 -145.1 2.0 704.6 508.6 19.0 196.1 19.9
-170.0 -1368 -5920 276.5 503.5 19.6 -227.0 -0.1 636.6 503.5 19.6 133.2 18.2
-150.4 -1091 -5283 239.4 502.5 20.7 -263.1 -0.1 654.0 502.5 20.7 151.6 19.9
-129.7 -852 -4629 191.9 507.7 19.5 -315.7 -2.9 601.9 507.7 19.5 94.3 18.2
-110.2 -660 -4027 175.6 498.8 20.4 -323.2 -1.7 628.1 498.8 20.4 129.3 20.5
-89.8 -484 -3399 141.0 442.1 19.8 -301.1 -0.2 605.8 442.1 19.8 163.8 23.2
-70.0 -343 -2793 113.7 462.2 20.0 -348.5 -2.0 610.0 462.2 20.0 147.9 22.8
-49.9 -229 -2183 94.3 403.5 19.9 -309.2 0.3 612.8 403.5 19.9 209.3 26.3
-30.0 -135 -1571 68.5 402.6 20.2 -334.0 -0.4 637.2 402.6 20.2 234.6 27.8
-9.9 -67 -933 27.8 199.3 10.1 -171.5 -0.6 335.0 199.3 10.1 135.7 29.7











Table 19. CTE calculations for IM 7/977-2 unidirectional specimen in Isotherm al+Load condition.



























-190.6 -1751 -6680 329.9 508.6 20.0 -178.7 0.7 610.9 508.6 20.0 102.4 14.7
-170.6 -1421 -6069 278.1 503.5 20.0 -225.4 0.2 631.7 503.5 20.0 128.3 17.9
-150.6 -1143 -5437 239.1 502.5 19.9 -263.4 -0.6 628.1 502.5 19.9 125.7 19.0
-130.7 -904 -4809 222.9 507.7 21.0 -284.8 -0.2 661.9 507.7 21.0 154.3 20.7
-109.7 -681 -4147 182.4 498.8 19.9 -316.4 -1.8 636.1 498.8 19.9 137.3 21.0
-89.8 -499 -3511 145.2 442.1 19.7 -296.8 -0.1 609.9 442.1 19.7 167.9 23.5
-70.0 -354 -2901 123.5 462.2 20.0 -338.7 -1.5 632.9 462.2 20.0 170.8 23.9
-50.0 -230 -2268 92.3 403.5 20.1 -311.3 0.3 612.4 403.5 20.1 208.9 26.2
-30.0 -138 -1656 70.9 402.6 19.9 -331.6 -0.5 645.8 402.6 19.9 243.2 28.4
-10.1 -67 -1010 28.8 199.3 10.0 -170.5 -0.7 339.0 199.3 10.0 139.7 30.3












Table 20. CTE calculations for 1M7/977-2 unidirectional specimen in Isotherm al+M echCycled condition.



























-191.5 -1729 -6653 362.7 508.6 21.2 -145.9 2.7 779.0 508.6 21.2 270.5 22.3
-170.3 -1366 -5874 263.7 503.5 20.0 -239.8 -0.5 618.5 503.5 20.0 115.1 17.2
-150.3 -1103 -5255 221.7 502.5 20.0 -280.7 -1.4 577.6 502.5 20.0 75.2 16.4
-130.3 -881 -4677 207.4 507.7 20.2 -300.2 -1.5 612.6 507.7 20.2 104.9 18.5
-110.1 -674 -4065 179.7 498.8 19.6 -319.1 -2.1 624.3 498.8 19.6 125.5 20.5
-90.5 -494 -3441 143.0 442.1 20.4 -299.0 0.3 598.9 442.1 20.4 156.9 22.7
-70.1 -351 -2842 121.2 462.2 19.7 -341.0 -1.9 616.9 462.2 19.7 154.8 23.3
-50.4 -230 -2225 91.4 403.5 20.1 -312.1 0.3 599.0 403.5 20.1 195.5 25.5
-30.3 -138 -1626 70.6 402.6 20.2 -332.0 -0.3 631.7 402.6 20.2 229.1 27.5
-10.1 -68 -994 27.8 199.3 9.9 -171.5 -1.0 328.8 199.3 9.9 129.5 29.4
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Figure 76. Instantaneous CTE o f IM7/977-2 unidirectional composite in the 
transverse direction.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
155
In contrast to the use of discrete temperature-strain points in the first method, the 
change in strain with temperature was also estimated by fitting third-order polynomials to 
the strain data. The first derivatives of these curves provided the slope of the temperature- 
strain curves, as required by Equation 6. Because all of the strain data is evaluated at 
once, this approach to the calculation should be less sensitive to transient stain 
measurement errors. All curve fit correlation coefficients exceeded R2=0.99. The 
coefficients of the first-derivative equations are shown in Table 21. The estimates of CTE 
obtained from these curves are provided in Table 22, and they are plotted in Figure 77 
and Figure 78.
The variations in the strain data from the copper reference sample had little effect on 
the CTE estimates obtained with the curve fit approach. Longitudinal CTE decreased 
from approximately -0.5 x 10'6/°C at -10°C to a minimum around -70°C. CTE increased 
in all of the specimens as temperature was lowered to -150°C, after which began to 
decrease again. The longitudinal CTE of the Baseline specimen appeared to be the most 
sensitive to temperature change. It exhibited the largest decrease in CTE at -70°C and the 
largest increase at the minimum temperature. The Iso+Load and Iso+MechCycled cycled 
specimen showed the least sensitivity to cryogenic temperature.
Transverse CTE varied from approximately 28 x lO'V’C at -10°C to approximately 
16 x lO'V’C at -190°C. The change in transverse CTE was roughly linearly related to 
temperature. The exception to this was the Baseline specimen, which exhibited an 
increase in CTE below -120. This trend is verified by a visible increase in the slope of the 
transverse strain curve in Figure 74A below 120°C. Above -130°C, the CTE of the 
Baseline specimen was markedly lower than the pre-conditioned specimens.











Table 21. Coefficients of the second order polynomials approximating the slope of the temperature-strain curves














Baseline 6.800 10.130 31.95 2.916 -2.479 3.030
Isothermal 2.852 4.323 32.11 2.148 -3.474 2.859
Iso+Load 3.639 0.956 31.87 0.842 -5.850 2.276
Iso+MechCycled 1.985 3.836 32.09 1.350 -4.584 2.651
Copper Reference -1.279 -5.794 19.27 — — -
The coefficients in the above table approximate the slope of the temperature-strain data curves as: 












Table 22. CTE values predicted by the polynomial curve fit method using the coefficients in Table 21.
Temperature
[°C]













-190 2.765 21.893 2.490 19.914 0.937 15.671 0.554 17.567
-180 3.676 22.572 3.465 21.312 2.323 17.974 1.920 19.267
-170 2.665 21.411 2.510 20.805 1.737 18.290 1.319 19.040
-160 1.757 20.438 1.651 20.418 1.204 18.643 0.778 18.912
-150 0.954 19.654 0.889 20.152 0.725 19.034 0.298 18.884
-140 0.255 19.059 0.224 20.009 0.302 19.465 -0.121 18.957
-130 -0.336 18.654 -0.342 19.990 -0.064 19.938 -0.477 19.133
-120 -0.820 18.442 -0.807 20.096 -0.371 20.453 -0.769 19.412
-110 -1.194 18.423 -1.170 20.328 -0.619 21.011 -0.995 19.796
-100 -1.458 18.599 -1.431 20.688 -0.806 21.615 -1.154 20.286
-90 -1.610 18.971 -1.588 21.177 -0.931 22.265 -1.246 20.884
-80 -1.650 19.540 -1.639 21.797 -0.993 22.962 -1.268 21.590
-70 -1.575 20.307 -1.583 22.547 -0.990 23.708 -1.219 22.407
-60 -1.384 21.274 -1.420 23.431 -0.922 24.504 -1.099 23.334
-50 -1.077 22.442 -1.147 24.448 -0.786 25.351 -0.905 24.374
-40 -0.651 23.812 -0.764 25.600 -0.582 26.250 -0.638 25.528
-30 -0.107 25.385 -0.269 26.889 -0.308 27.204 -0.294 26.797
-20 0.559 27.164 0.339 28.316 0.036 28.212 0.126 28.182

















Figure 77. CTE o f IM 7/977-2 unidirectional composite in longitudinal direction, 
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Figure 78. CTE o f IM 7/977-2 unidirectional composite in transverse direction, 
based on method o f polynomial curve fit to strain-temperature data.
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Integral CTE, referenced to 23°C, was calculated for the set of discrete temperature- 
strain data points and for the curve-fits. The CTE estimates calculated from these data are 
given in Table 23, and they are plotted in Figure 79 and Figure 80. The integral CTE in 
the longitudinal direction varied from approximately 1 x lO'VC at 0°C to a minimum of 
approximately -0.7 x lO'VC at -130°C. The variations in temperature-strain response of 
the copper reference specimen are clearly visible in the integral CTE data at higher 
temperatures, though the averaging effect of the calculation reduced the magnitude of the 
variation. No significant changes in CTE attributable to pre-conditioning can be seen in 
curves in Figure 79. The sharp rise in CTE at -190°C was attributed to experimental error 
due to high heating rates at that temperature. The integral CTE in the transverse direction 
varied from approximately 27 x lO'VC at -30°C to a minimum of approximately 22 x 10‘ 
6/°C at -170°C. Over most of the temperature range, the Baseline specimen exhibited a 
lower transverse integral CTE than the pre-conditioned specimens.
Integral CTE calculations using the curve fit data are shown in Table 24, and they 
are plotted in Figure 81 and Figure 82. The longitudinal CTE, calculated by this method, 
varied from approximately -0.5 x lO'VC to 1.0 x lO'VC at 0°C, and was non-linear with 
respect to temperature. Little change in CTE is evident between -190°C and -75°C.
Above -75°C, CTE increases with increasing temperature. Little effect of conditioning is 
seen in the CTE results. This may be due to the limited resolution in the test data. 
Transverse CTE varied nearly linearly from 22 x 10'VC at -190°C to approximately 28 x 
lO'VC at 0°C. In this case the CTE of the Baseline specimen was consistently lower than 
that shown by the conditioned specimens. The specimen conditioned by the Iso+Load 
method showed the highest CTE over the entire temperature range.











Table 23. Integral CTE of IM 7/977-2 com posite, referenced to 23°C. These predictions are based on the temperature- 
strain data in Table 16.
Baseline Isothermal Isothermal+Load Isothermal+MechCycled
Temperature Longitudinal Transverse Temperature Longitudinal Transverse Temperature Longitudinal Transverse Temperature Longitudinal Transverse
CTE CTE CTE CTE CTE CTE CTE CTE
r a fUE/°Cl rue/°Cl r°ci rue/°ci fue/°Cl [°C] Iue/°C1 flie/°Cl r a [|i£/°C] [pe/°C]
-187.7 0.642 22.9 -189.0 0.691 23.7 -190.6 0.724 23.7 -191.5 0.588 23.4
-180.1 -0.507 21.7 -180.1 -0.560 22.7 -180.1 -0.431 23.0 -180.0 -0.679 22.3
-170.8 -0.829 21.3 -170.0 -0.809 22.7 -170.6 -0.554 23.3 -170.3 -0.823 22.4
-159.8 -0.788 21.5 -159.9 -0.803 23.0 -160.4 -0.438 23.9 -159.9 -0.710 22.8
-150.3 -0.816 21.8 -150.4 -0.812 23.2 -150.6 -0.520 24.1 -150.3 -0.741 23.1
-140.2 -0.765 22.2 -140.0 -0.780 23.5 -139.7 -0.532 24.4 -139.6 -0.683 23.5
-130.0 -0.881 22.4 -129.7 -0.893 23.7 -130.7 -0.591 24.7 -130.3 -0.726 23.9
-120.4 -0.735 22.9 -120.3 -0.732 24.1 -120.1 -0.526 25.0 -120.0 -0.619 24.3
-110.0 -0.640 23.3 -110.2 -0.607 24.5 -109.7 -0.427 25.5 -110.1 -0.500 24.8
-100.0 -0.612 23.7 -100.3 -0.566 24.8 -100.2 -0.429 25.7 -100.2 -0.480 25.1
-90.2 -0.409 24.2 -89.8 -0.415 25.2 -89.8 -0.285 26.2 -90.5 -0.356 25.4
-80.0 -0.238 24.7 -79.9 -0.211 25.7 -80.0 -0.123 26.6 -80.2 -0.198 25.8
-70.1 -0.404 24.8 -70.0 -0.394 25.7 -70.0 -0.285 26.8 -70.1 -0.318 26.1
-60.1 -0.276 25.2 -60.1 -0.221 26.0 -60.0 -0.157 27.2 -60.0 -0.163 26.6
-50.2 0.036 25.8 -49.9 0.098 26.5 -50.0 0.105 27.6 -50.4 0.080 26.9
-40.0 -0.093 25.9 -40.0 -0.097 26.5 -40.0 0.000 28.0 -40.0 -0.049 27.1
-30.1 0.063 26.1 -30.0 0.105 26.7 -30.0 0.161 28.3 -30.3 0.150 27.5
-19.9 0.707 27.0 -20.0 0.685 27.3 -20.1 0.732 28.7 -20.0 0.720 27.8
-10.1 0.484 26.6 -9.9 0.526 26.1 -10.1 0.528 28.2 -10.1 0.542 27.7












Table 24. Integral CTE o f 1M7/977-2 com posite, referenced to 23°C. These estimates o f CTE were calculated using strains 
derived from curve fits to tem perature-strain data.







1 c Longitudinal Transverse
[°C] CTE CTE CTE CTE CTE CTE CTE CTE
[pe/°C] [p£/°C] [M8/°C] [pe/°C] [pe/°C] [pE/°C] [pe/°C] [|i£/°C]
-190.0 -0.4795 21.64 -0.6130 22.39 -0.4866 22.69 -0.7030 22.03
-180.0 -0.5406 21.74 -0.6333 22.66 -0.4682 23.09 -0.6841 22.37
-170.0 -0.6034 21.86 -0.6602 22.92 -0.4646 23.47 -0.6769 22.71
-160.0 -0.6644 22.01 -0.6902 23.17 -0.4720 23.84 -0.6779 23.05
-150.0 -0.7199 22.18 -0.7197 23.43 -0.4866 24.20 -0.6833 23.38
-140.0 -0.7667 22.39 -0.7453 23.70 -0.5050 24.55 -0.6897 23.71
-130.0 -0.8013 22.63 -0.7635 23.97 -0.5234 24.89 -0.6935 24.04
-120.0 -0.8207 22.90 -0.7712 24.25 -0.5385 25.23 -0.6916 24.38
-110.0 -0.8220 23.21 -0.7653 24.54 -0.5469 25.57 -0.6808 24.73
-100.0 -0.8026 23.56 -0.7434 24.85 -0.5454 25.91 -0.6583 25.09
-90.0 -0.7605 23.95 -0.7030 25.16 -0.5314 26.26 -0.6216 25.45
-80.0 -0.6946 24.38 -0.6430 25.49 -0.5025 26.61 -0.5691 25.83
-70.0 -0.6041 24.83 -0.5621 25.82 -0.4565 26.96 -0.4992 26.21
-60.0 -0.4881 25.32 -0.4591 26.15 -0.3900 27.33 -0.4098 26.60
-50.0 -0.3454 25.83 -0.3319 26.48 -0.2983 27.69 -0.2980 26.99
-40.0 -0.1743 26.34 -0.1776 26.78 -0.1738 28.07 -0.1589 27.37
-30.0 0.0282 26.83 0.0088 27.03 -0.0032 28.44 0.0155 27.72
-20.0 0.2672 27.25 0.2367 27.19 0.2385 28.82 0.2404 28.02
-10.0 0.5540 27.50 0.5266 27.13 0.6066 29.19 0.5495 28.21




















Figure 79. Integral CTE o f IM 7/977-2 unidirectional composite in longitudinal 
direction, calculated from discrete temperature-strain data in Table 15, referenced 
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Figure 80. Integral CTE o f IM 7/977-2 unidirectional composite in the transverse 
direction, calculated from discrete temperature-strain data in Table 15, referenced 
to a temperature o f 23°C.












Figure 81. Integral CTE o f IM 7/977-2 com posite in the longitudinal direction, 
calculated from the polynomial curve fit data in Table 21, referenced to a 
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Figure 82. Integral CTE o f IM7/977-2 composite in the transverse direction, 
calculated from the polynomial curve fit data in Table 21, referenced to a 
temperature o f 23°C.
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C. Results of Hydrogen Gas Leak Rate Testing
1. Damage Development through Tensile Cycling at 23°C
1 . 1  T e n s i l e  M o d u l u s  C h a n g e s  d u r i n g  C y c l i n g
A plot of tensile modulus versus number of cycles for Specimen #1 is shown in 
Figure 83. A similar plot for Specimen M2 is shown in Figure 84. In both plots a least- 
squares linear fit to the data is shown to try to capture the overall trends. Though there is 
significant scatter in the modulus values, the general trends in modulus reduction in both 
specimens were approximately linearly related to the number of cycles. Specimen #1 had 
an initial tensile modulus of approximately 53 GPa, while Specimen M2 began with a 
modulus of 55 GPa. After cycling was completed on Specimen #1 (200,000 cycles), the 
tensile modulus had decreased to approximately 50 GPa. After cycling Specimen M2 to 
completion (430,000 cycles), its modulus decreased to approximately the same level. 
However, at the 200,000 cycle point, the modulus of specimen was approximately 53 
GPa, which is a smaller decrease than that seen in Specimen M1.
1 . 2  C r a c k  D e n s i t y  C h a n g e s  d u r i n g  C y c l i n g
Crack density was monitored along the specimen edge between cycling increments. 
Crack density in both specimens was found to increase with the number of cycles, though 
the increase was not linear. The results for Specimen #1 are shown in Table 25 and are 
plotted in Figure 85. The results for Specimen M2 are shown in Table 26 and are plotted 
in Figure 86.
In Specimen #1, cracking was first noted in the 90° plies after 30,000 cycles. Large 
increases in the number of cracks in the +45° and 90° plies were noted at 60,000 cycles.
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Cracking in the +45° plies continued to increase in an approximately linear fashion until
90.000 cycles, at which point crack density within the 90° plies approached saturation. 
Crack density within the 90° plies reached saturation after a step increase at 60,000 
cycles. It remained nearly constant throughout the rest of the cycling. Crack formation 
was not observed in the -45° plies until 80,000 cycles, after which it continued to increase 
in a gradual manner through 200,000 cycles.
In Specimen #2, crack density within the 90° plies began to increase after 40,000 
cycles. Crack density continued to increase slowly until 170,000 cycles, at which point 
there was a step increase. 90° ply crack density increased at a higher rate with further 
cycling until it leveled off at 300,000 cycles. A second sharp increase in the number of 
cracks in the 90° plies was noted at 360,000 cycles and a further increase in the rate of 
new crack was seen with additional cycling. In the +45° plies, cracking began at 
approximately 30,000 cycles, and crack density increased in a nearly linear fashion until
170.000 cycles. At this point a sharp increase in the number of cracks was noted. Further 
cycling resulted in no additional cracking until 390,000 cycles. Additional cycling caused 
small increases in crack density in the +45° plies. In the -45° plies, first cracking was 
noticed after 30,000 cycles. No further cracking was observed, despite additional cycling.















Figure 83. Tensile modulus o f an Ortho-A laminate as a function o f number o f  













300 4000 100 200
Cycles x 1000
Figure 84. Tensile modulus o f an Ortho-A laminate as a function o f number o f  
fatigue cycles (Specimen #2).











Table 25. Crack counts and crack density observed during fatigue cycling o f Specimen #1.
Cycles
xlOOO
Crack Count over a 2.5 cm. Length Crack Density
Edge A Edge B [cracks/cm]
+45° -45° o o +45° -45° 90° +45°
OIT)I 90°
0 0.0 0.0 0.0 8.2 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 1.5 0.5 0.0 6.0 0.1 0.0 1.5
50 0.0 0.0 2.0 1.5 0.0 6.0 0.4 0.0 1.6
60 7.5 0.0 7.0 6.5 0.0 20.0 3.9 0.0 5.3
70 11.5 0.0 8.0 12.5 0.0 20.0 6.7 0.0 5.5
80 15.5 5.0 8.0 15.5 4.0 20.0 8.6 2.5 5.5
90 15.5 7.0 9.0 19.5 4.0 20.5 9.7 3.1 5.8
100 17.0 7.0 9.0 19.5 5.0 20.5 10.2 3.3 5.8
125 17.5 7.5 9.0 20.0 5.0 20.5 10.4 3.5 5.8
135 17.5 8.5 9.0 20.0 5.0 20.5 10.4 3.8 5.8
145 17.5 8.5 9.0 20.0 5.0 21.5 10.4 3.8 6.0
155 18.0 8.5 9.0 20.0 5.0 22.0 10.6 3.8 6.1
165 18.0 8.5 9.0 20.0 5.0 22.0 10.6 3.8 6.1
175 18.0 8.5 9.0 21.5 6.0 22.0 11.0 4.0 6.1
185 19.0 8.5 9.0 21.5 7.0 22.0 11.3 4.3 6.1
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Figure 86. Edge crack density as a function o f number o f cycles (Specimen #2).
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2. Discussion o f Non-Cracking 0° Plies
Specimen # 1 was used to evaluate the performance of the leak testing system and to 
develop a practical testing methodology. In the course of those efforts, this specimen was 
cycled for a total of 200,000 cycles. Leak rate was measured using the through-thickness 
method at numerous points during cycling. In these initial experiments, no significant 
increase in pressure in the control volume could be detected. However, in the analysis 
system, the partial pressure of hydrogen would typically increase at the start of a test, 
level off for a significant time, only to increase again unexpectedly. After several dozen 
experiments at numerous damage states, applied loads and temperatures, no consistent, 
steady-state hydrogen gas flow could be detected, even though modulus was seen to be 
decreasing and increases in edge crack density were readily apparent. Careful assessment 
of equipment performance and a review of testing procedures indicated that the apparent 
lack of detectable leakage was not due to experimental error for faulty data reduction.
To determine if the intermittent source of hydrogen came from within the laminate or 
from an external source, the entire vacuum attachment and seal area were enclosed by 
plastic film, which was sealed with vacuum bag sealant tape to isolate the vacuum 
attachment seal from the ambient environment. A permeability experiment was then 
performed at room temperature. No leakage was detected, which indicated that there was 
no internal path for gas flow between the supply and vacuum attachments.
Given the known positive pressure and flow rate of hydrogen gas within the supply 
manifold, there was no reason to believe that hydrogen gas was not present within cracks 
on the front side of the laminate. In order to determine if hydrogen within cracks on the 
front side of the panel was the intermittent source of hydrogen, the edge of the panel was
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covered loosely by a strip of film to prevent the gas from escaping from cracks in the 
specimen edge. The leak experiment was then repeated. With the film covering the edges, 
a steady-state increase in partial pressure of hydrogen in the analysis system was 
measured. This confirmed that hydrogen was flowing along cracks on both sides of the 
specimen. Without the tape on the edges, the amount of hydrogen gas that managed to 
enter 90° cracks on the vacuum side varied over time, due to variations in the airflow 
within the room, the integrity of the vacuum-side attachment seal, the test temperature, 
and the load on the specimen. Given that hydrogen leakage was measurable when the 
tape was in place, it was then concluded that at least one ply within the laminate must be 
undamaged. The single undamaged ply prevented measurable through-thickness 
hydrogen gas flow.
To investigate the reason for the apparent lack of damage in some plies, a simple 
laminate analysis was performed using the laminate properties shown in Table 27. A 
[+4 5 /9 O3/-4 5 /O3M 5 /9 O3/+4 5 ] laminate was assumed. Ply thickness was assumed to be 
0.129 mm. The analysis was performed with a laminate analysis program that relied on 
Classical Laminate Theory to estimate ply-level stresses and strains. The stress-free 
temperature was assumed to be the maximum curing temperature, 177°C. This 
assumption should be conservative because no stress relaxation near Tg is assumed. The 
assumed mechanical loads were varied from 0 to 4000 microstrain in tension, oriented in 
the 0° direction, in increments of 800 microstrain. A uniform -154°C (+177°C to 23°C) 
decrease in temperature was assumed. Transverse tensile stress was predicted for the 
+45°, 90°, -45°, and 0° plies.
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From the results of the analyses, shown in Figure 87, it was clear that transverse 
tensile stress levels in the 0° plies due to mechanical strains were small in comparison to 
that in off-axis plies. The maximum predicted transverse tensile stresses during cycling in 
the ±45°, 90°, and 0° plies were 67 percent, 85 percent, and 49 percent, respectively, of 
the measured transverse tensile strength. Based on this analysis, it was concluded that the 
0° plies were probably undamaged.
The possibility of cycling the specimen, with it mounted in the load frame off-angle, 
was explored by repeating the analysis with the laminate rotated relative to the loading 
direction. The model was re-analyzed with the laminate rotated from 0° to 25° in 
increments of 5°. The effect of laminate rotation on the magnitude of transverse tensile 
stress in the 0° plies is shown in Figure 88. This analysis indicates that off-axis loading 
would provide a relatively modest increase in transverse stress within the 0° plies. Based 
on the geometry of the test specimen, if the specimen could be mounted in the machine 
such that the loading direction was aligned with the upper-left bolt hole and the lower- 
right bolt hole in the tabs, the resulting specimen rotation would be approximately 9°. 
Because a small change in transverse tensile stress in the 0° ply was predicted by this 
analysis, off-axis loading was not pursued, and leak rate measurement techniques were 
modified to supply hydrogen to the edges of the specimen, which bypassed the 
undamaged 0° plies.
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Figure 87. Predicted transverse tensile stress in an Ortho-A [+45/90j/-45/0j/- 
45/90j/+45] laminate.
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Figure 88. Predicted transverse tensile stresses in an Ortho-A [+45/90j/-45/0.}/- 
45/903/+45] laminate under 4000 \ i £  tensile strain at 23°C when laminate is rotated 
with respect to the loading direction.
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3. Leak Rate Testing Results
The results of leak rate testing trials of specimens #1 and #2 will be presented in the 
following sections. The data for Specimen # 1 are from a single series of tests, performed 
after 200,000 tensile cycles. The data for Specimen #2 are from two series of tests, 
performed after 170,000 cycles and 430,000 cycles.
3 . 1  L e a k  R a t e  o f  S p e c i m e n  # 1
Room temperature leak rate in Specimen #1 varied from 3.54 x KT4 seem under no 
load to 4.11 x 10'3 seem under a 4165 microstrain load. In testing at -180°C, the leak rate 
varied from 2.71 x 10'2 seem under no load to 1.33 x 10'1 seem under a 4165 microstrain 
load. At both test temperatures increases in mechanical strain caused increases in the 
hydrogen leak rate. A plot of the strain-leak rate data for Specimen #1 is shown in Figure 
89.
The effect of test temperature on the leak rate of Specimen # 1 was assessed by taking 
the ratio of the leak rate at -180°C to the leak rate at 23°C at each level of applied 
mechanical strain. These data are plotted in Figure 90. This figure shows that the test 
temperature was a progressively weaker influence on the leak rate of Specimen #1 as 
mechanical load increased. Under no load, decreasing test temperature from 23°C to 
-180°C increased leak rate by a factor of 76, while under a 4165 microstrain load, the 
drop in test temperature increased leak rate by a factor of 33.
The effect of mechanical strain on the leak rate of Specimen # 1 was assessed by 
taking the ratio of leak rate at a given load level to the leak rate under no load. This 
calculation was performed at 23°C and at -180°C. The data are shown in Figure 91. At 
room temperature, increasing levels of mechanical strain increased leak rate
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Figure 90. Leak rate o f Specimen #1 at -180°C divided by leak rate at 23°C, as a 
function o f applied strain. This plot shows the degree to which the decrease in 
temperature to -180°C increased leak rate at each level o f applied strain.
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Figure 91. Leak rate o f  Specimen #1 at various levels o f applied strain divided by 
leak rate under no load. This plot shows the degree to which applied mechanical 
strain increased leak rate at room temperature and at cryogenic temperature.
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in a roughly linear fashion from a load of 0 to 3332 microstrain, where the leak rate was 
approximately 5 times that seen under no load. At the final load of 4165 microstrain, the 
leak rate more than doubled to approximately 12 times that seen under no load. The 
reason for the large increase in the room temperature leak rate at 4165 microstrain was 
unclear. When leak rate was measured at -180°C, the trends were similar, but the effect of 
strain was markedly smaller. At -180°C, the leak rate under a 3332 microstrain load was 
approximately 2 times that seen under no load. In a manner similar to that seen at 23°C, 
increasing strain to 4165 microstrain increased leak rate more than 2 times compared to 
the leak rate at 3332 microstrain.
Based on the data in Figure 91, the effects of mechanical strains on leak rate appear 
to decrease with increasing levels of thermal residual strain. The overall effects of 
temperature, as shown in Figure 90, appear to be a stronger influence on the leak rate of 
Specimen #1 than the effects of mechanical strain.
3 . 2  L e a k  R a t e  o f  S p e c i m e n  # 2
After 170,000 cycles, the leak rate of hydrogen gas through Specimen #2 at 23°C 
varied from 6.77 x 10'3 seem while under no load to 1.27 x 10'1 seem under a 4000 
microstrain load. At -191°C, leak rate varied from 1.95 x 10'1 seem under no load to 1.25 
seem under 4000 microstrain. Though the strain-leak rate relationship was less clear at 
cryogenic temperature than it was at room temperature, the general trend is increasing 
leak rate with increasing strain level. The strain-leak rate data for Specimen #2 after
170,000 cycles is plotted in Figure 92.
The leak rate of Specimen #2, as a function of mechanical strain after 430,000 
cycles, is plotted in Figure 93. Compared to the values obtained after 170,000 cycles, the
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leak rate of the specimen was found to have increased significantly. At 23°C, the leak 
rate was 4.57 x 10’2 seem under no load and 2.60 x 10"1 seem under a load of 4000 
microstrain. At -191°C, the leak rate was 3.28 x 10'1 seem under no load and 2.63 seem 
under a load of 4000 microstrain. A comparison of room temperature leak rates after
170,000 and 430,000 cycles is shown in Figure 94. The increase in room temperature 
leak rate due to the higher damage level after 430,000 cycles is greater without load that 
it is with 4000 microstrain applied.
The ratios of leak rate under 4000 microstrain to leak rate under no load to leak rate 
under load, after 170,000 cycles and 430,000 cycles respectively, are plotted in Figure 95 
and Figure 96. These graphs show how leak rate of Specimen #2 varied with increasing 
strain levels at the two damage levels. After 170,000 cycles, the effect of strain is seen to 
be similar to that seen in Specimen # 1, i.e. the effect of mechanical strain on leak rate is 
seen to be greater at 23°C than at -191°C. When testing was performed after 430,000 
cycles, the strain-leak rate relationship changed. Figure 96 shows that with the additional 
damage in the laminate, the magnitude of increase in leak rate due to mechanical strain at 
23°C was similar to the magnitude of increase seen at -191°C.











Figure 92. Measured leak rate o f Specimen #2 as a function o f applied strain 
after 170,000 cycles
-191°C
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Figure 93. Average leak rate o f Specimen #2 as a function o f applied strain after 
430,000 cycles. These data represent average values based on either 2 or 3 runs at 
each strain level.
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Figure 95. Leak rate o f Specimen #2 at various levels o f applied strain divided by 
leak rate under no load after 170,000 cycles.
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Figure 96. Leak rate of Specimen #2 at various levels of applied strain divided by 
leak rate under no load after 430,000 cycles.
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As with Specimen #1, the effect of test temperature on the leak rate of Specimen #2 
was assessed by taking the ratio of the leak rate at -191°C to the leak rate at 23°C at each 
level of applied mechanical strain. These data are plotted in Figure 97. This figure shows 
that after 170,000 cycles, the test temperature was a progressively weaker influence on 
the leak rate of Specimen #2 as mechanical load increased. Under 800 microstrain, 
decreasing test temperature from 23°C to -180°C increased leak rate by a factor of 36. On 
increasing load to 1600 microstrain, it was found that cryogenic temperature increased 
leak rate by only a factor of 5. Further increases in mechanical strain increased saw the 
effect of cryogenic temperature increase somewhat. Under a 4000 microstrain load, the 
drop in test temperature increased leak rate by a factor of 10. After 430,000 cycles, the 
increase in leak rate due to cryogenic temperature varied from a factor of 6 to a factor of 
12, depending on the level of mechanical strain. No clear interaction between cryogenic 
test temperature and the level of mechanical strain is evident at the higher damage level.
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Figure 97. Leak rate o f Specimen #2 at -191°C divided by leak rate at 23°C, as a 
function o f applied strain.
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D. Post-Testing Examination Of Specimen #1
1. Radiographic Examination o f Specimen #1
The results from an X-ray image of the specimen test section are shown in Figure 98. 
The image indicated that cracking of the 90° plies was the predominant damage 
mechanism, and that the ±45° cracks along the exterior edges did not extend far into the 
interior of the specimen. Several 90° cracks extended the entire specimen width. Small 
slash-like artifacts in the lower-right quadrant of the image along 90° cracks indicate the 
presence of stitch cracks62 in the outer +45° ply. The stitch cracks appear on top of the 
90° cracks that have spanned nearly the entire width of the specimen. Black splotches 
along the 90° cracks are likely to be small delaminations adjacent to the 90° plies, most 
likely between the 90° plies and the +45° ply on the surface. Dark gray regions near the 
center of the image are due to remnants of vacuum attachment sealant tape on the 
specimen surface.
In an effort to better quantify the degree of damage observed, the locations and 
lengths of cracks within the two groups of 90° plies were measured in pixel coordinates 
and then converted to centimeters. The average specimen width, taken at the top, bottom, 
and middle of the image was used to establish a conversion factor for the crack length 
measurements. A plot of the length and location of the 90° cracks is shown in Figure 100. 
An approximation of the area that was under the vacuum-side attachment is also shown 
on the plot. The cracks on the vacuum side of the laminate, which were of sufficient 
length to extend under the vacuum attachment and whose tips established some 
connectivity with stitch cracks in the surface ply, served as the in-plane path for gas flow 
during leak testing.
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Figure 98. Radiograph o f center region o f Specimen #1.
Stitch cracking in +45° ply. 
See Figure 2 for a close-up.
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Figure 99. Stitch cracks in +45° plies within test section o f  Specimen #1.



















Figure 100. Actual crack distribution and lengths o f 90° cracks originating at the 
edge o f  Specimen #1, taken from analysis o f post-test radiographs.
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2. M icrocrack Density and Location in Specimen #1
Crack densities along the specimen edge and along the centerline were computed and 
are compared in Table 28 and Table 29. The reported crack counts are the sums of cracks 
in symmetric ply groups on both sides of the laminate center plane. Crack density is 
calculated as crack count divided by twice the length of the section in which the plies 
were found.
Along edge A, the average microcrack density was highest in the 90° plies, which 
had 4.55 cracks/cm. The lowest microcrack density along edge A was in the -45° ply with 
an average of 1.48 cracks/cm. The +45° ply had a relatively high density of 3.89 
cracks/cm. Along edge B, the highest microcrack density was found in the 90° ply, which 
had 5.29 cracks/cm. The lowest microcrack density was in the -45° ply with 0.74 
cracks/cm. The +45° ply had a density of 4.36 cracks/cm. The edge crack densities found 
in this portion of this research are lower than those reported in Table 25, which contains 
crack density data obtained by optical examination of the specimen edges between 
cycling increments. Because the crack counts in Table 25 were obtained with the 
specimen under a 4000 microstrain tensile load, it is quite possible that short edge cracks, 
which were visible under load, were not noted during post-testing examination. 
Additionally, during cycling, crack density was estimated by counting cracks along a 
polished section near the bottom of the specimen, which was necessitated by the 
geometry of the stand on which the microscope was mounted. Figure 101 is a plot of the 
variation in crack density along the specimen edges as a function of distance from the 
center of the specimen. This figure clearly shows that edge crack density on the specimen 
edges was higher near tabs. Given this fact, the crack density data reported in Table 25,
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though it may reflect the general trends in increasing crack density with fatigue cycles, is 
not reflective of the actual edge crack density in the test section.











A1 29 24 15 5.71 4.72 2.95
A2 22 17 14 4.33 3.35 2.76
A3 21 27 10 4.13 5.31 1.97
A4 9 15 1 1.77 2.95 0.20
A5 12 15 9 2.36 2.95 1.77
A6 11 8 3 2.17 1.57 0.59
A7 22 28 4 4.33 5.51 0.79
A8 32 51 4 6.30 10.04 0.79
B1 30 45 4 5.91 8.86 0.79
B2 16 17 3 3.15 3.35 0.59
B3 23 26 6 4.53 5.12 1.18
B4 22 25 4 4.33 4.92 0.79
B5 18 22 4 3.54 4.33 0.79
B6 26 26 9 5.12 5.12 1.77
B7 24 25 0 4.72 4.92 0.00
B8 18 29 0 3.54 5.71 0.00
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al 5 14 0 0.98 2.76 0.00
a2 5 10 0 0.98 1.97 0.00
a3 3 5 0 0.59 0.98 0.00
bl 8 17 1 1.57 3.35 0.20
b2 4 13 0 0.79 2.56 0.00
b3 2 4 0 0.39 0.79 0.00
cl 0 0 0 0.00 0.00 0.00
c2 7 10 0 1.38 1.97 0.00
c3 1 2 0 0.20 0.39 0.00
dl 0 0 0 0.00 0.00 0.00
d2 7 15 0 1.38 2.95 0.00
d3 0 2 0 0.00 0.39 0.00
el 3 9 0 0.59 1.77 0.00
e2 0 2 0 0.00 0.39 0.00
e3 0 0 0 0.00 0.00 0.00
fl 1 11 0 0.20 2.17 0.00
f2 0 2 0 0.00 0.39 0.00
D 0 0 0 0.00 0.00 0.00
gl 0 2 0 0.00 0.39 0.00
g2 0 2 0 0.00 0.39 0.00
g3 7 17 0 1.38 3.35 0.00
hi 0 1 0 0.00 0.20 0.00
h2 0 2 0 0.00 0.39 0.00
h3 4 15 0 0.79 2.95 0.00
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Figure 101. Variation in edge crack density with distance from the longitudinal center o f Specimen #1.
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In analyzing the transverse cross-sections, a greater number of cracks in the outer 
+45° ply were found along transverse cross-section #2, near the panel center, than on the 
other two cross-sections closer to the ends. Along transverse cross-section #1 a large 
number of cracks within the +45° were observed in sections 1 and 2 on sub-panel I, 
whereas few were found directly across the cut line on sub-panel II. A similar anomaly 
was noted on transverse cross-section #2, near the center and along one edge of the panel. 
Cracks in the -45° plies were found near the specimen edges, indicating that they tend to 
originate there.
The sectioning of sub-panel d into multiple strips permitted a more detailed 
assessment of the actual crack network within the +45° and 90° plies in the test section. 
Figure 102 and Figure 103 show the crack locations on the front side and vacuum side of 
the specimen, respectively. Long vertical lines connect points where cracks crossed 
multiple cut lines. Long lines at 45° are cracks in the outer +45° ply that crossed multiple 
cut lines. Small vertical lines represent cracks in the 90° plies that did not span either 
adjacent strip. Similarly, small slashes represent cracks in the +45° ply that that did not 
span either adjacent strip. It is clear from the figures that many 90° cracks found at the 
cross-section between strips 1 and 2 did not originate at the edge. These 90° cracks in the 
specimen interior were not visible in the radiographic images because no penetrant was 
able to reach them. Cracks in the outer +45° ply tended to be short and appear in groups, 
aligned with the 90° direction. These observations indicate that many of the 45° cracks 
took the form of stitch cracks. The stitch cracking is probably a secondary damage 
mechanism that occurs after the 90° cracks propagate the full width of the specimen. The 
average crack density in the 90° and +45° plies along the entire length of the strips is
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shown in Table 30. The data, which is plotted in Figure 104, shows that the average crack 
density in the 90° and +45° plies was lower near the specimen centerline than near the 
edges. An image of typical damage observed in the specimen during crack mapping is 
shown in Figure 105.
Table 30. Variation in average longitudinal crack density along each strip with  










-8.89 5.71 4.72 2.95 5.91 8.86 0.79
-6.35 4.33 3.35 2.76 3.15 3.35 0.59
-3.81 4.13 5.31 1.97 4.53 5.12 1.18
-1.27 1.77 2.95 0.20 4.33 4.92 0.79
1.27 2.36 2.95 1.77 3.54 4.33 0.79
3.81 2.17 1.57 0.59 5.12 5.12 1.77
6.35 4.33 5.51 0.79 4.72 4.92 0.00
8.89 6.30 10.04 0.79 3.54 5.71 0.00
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Figure 102. 45° and 90° ply crack locations and lengths found on front side o f
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Figure 103. 45° and 90° ply crack locations and lengths found on vacuum side o f
Specimen #1 during sectioning sub-panel "d".
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Figure 104. Variation in crack density along longitudinal cross-sections in sub­
panel “d” with distance from the centerline o f Specimen #1. The data is presented in 
Table 4.
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3. Crack Opening Measurements in Specimen #1
The measured crack widths within the +45° and 90° plies are provided in Table 
31. Application of a 4000 microstrain tensile load caused cracks within the 90° plies to 
increase in width from 2.9 pm. to 6.04 pm. The width of cracks in the +45° plies 
increased in width from 2.92 pm. to 3.86 pm. Increasing temperature from 23°C to 
120°C caused the width of 90° cracks to decrease from 2.9 pm. to 2.01 pm. The width of 
45° cracks decreased from 2.92 pm. to 1.07 pm.
Table 31. Measured crack widths (pm) under thermal and mechanical loads.







23°C 2.90 6.04 2.92 3.86
120°C 2.01 n/a 1.07 n/a
Using the data in Table 31, the crack width at 23°C for an applied load resulting 
in a strain between 0 and 4000 microstrain was calculated using the following relation:
*,.23 = ^0 + (*’4000 -  *0 ---  W  [ 1 4]4000fie
where w,- 23 is the crack width at 23°C under uniaxial strain e. wo is the average crack 
width measured at 23°C under no load. 3V4000 is the average crack width measured at 23°C 
under a 4000 pe load. In a similar manner, the change in crack width with temperature 
was estimated from the following relation:
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Aw VM'o .120 M’o.23 /  f j t n [15]
AT 120°C-23°C \ °C
where wo, 120 is the average crack width at 120°C under no load and wo, 23 is the average 
crack width at 23°C under no load.
Coefficients describing crack width change due to a change in temperature or 
mechanical strain level are summarized in Table 32. The extrapolated crack width for a 
given mechanical strain at -180°C was estimated as:
we _i8o is the crack width at -180°C under a mechanical strain e. Predicted crack 
widths for several applied strain levels at 23°C and -180°C are tabulated in Table 33.
Table 32. Crack width change coefficients for mechanical and thermal loads.
[16]
Applied Load 90 ply 45 ply
Mechanical [pm /pe] 7.85 x 104 2.34 x 10"4
Thermal [pm/°C] -9.21 x 10'3 -1.91 x 10*2
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Table 33. Predicted crack widths (weT) at 23°C and -180°C, based on measured 
crack widths and crack width change under load.
Crack widths at 23°C, [pm]
Ply 0 800
Applied Strain, [pe] 















Crack widths at -180°C, [|im]
Ply 0 800
Applied Strain, [pe] 















E. Results of Polymeric Film Testing
1. Storage Modulus
Four replicates of each film were analyzed on the DMA. Representative storage 
modulus curves are shown in Figure 106. Temperature had little effect on the storage 
modulus of Kapton film. This result was predictable. At the maximum test temperature of 
120°C, the Kapton was more than 250°C below its reported Tg. The effect of temperature 
on E’ of the Mylar film was modest. Though it is not seen in the Figure 106, the other 
three runs of the Mylar film showed a reduction in E’ between 80°C and 85°C. The 
relative insensitivity of Mylar to temperatures within 50°C of its Tg indicates that its 
storage modulus was likely dominated by its aluminum foil component. Tedlar film 
showed a nearly linear decrease in storage modulus with increasing temperature until 
temperature reached 40°C, at which point E’ decreased abruptly. The storage modulus of 
the Eval-F film was consistently the lowest of all materials at -120°C. Its E' decreased
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
201
with increasing temperature in a nearly linear manner between -120°C and -30°C. Above 
-30°C, the slope of the temperature-E’ curve decreased with increasing temperature. Paint 
Replacement film behaved similarly to Eval-F, though its modulus was higher at 
temperatures below -90°C and the slope of the temperature-E’ curve was steeper at low 
temperatures. The storage modulus of Polyurethane film at -120°C was higher than all 
other films except Tedlar. E’ decreased linearly with increasing temperature at cryogenic 
temperatures. Between -30°C and -40°C, the slope of the temperature-E’ curve increased 
sharply. The storage modulus of Polyurethane was the lowest of all the films above a 
temperature of -10°C.














120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140
T em perature, °C
Figure 106. Representative storage modulus curves for the polymeric films 
examined in this study.
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2. Tensile Modulus
The effects of pre-conditioning and test temperature on the tensile modulus of the 
polymeric films evaluated in this study are discussed below. Tensile modulus is given in 
Table 34. The normalized tensile modulus, relative to modulus of the same material at the 
same test temperature in Baseline condition, is given in Table 35. The normalized tensile 
modulus of each film at -150°C and 65°C, relative to the modulus at 23°C, is provided in 
Table 36. As was explained in Section 5.2, each reported tensile modulus value was 
calculated from a linear curve fit to stress-strain data of all three sample replicates at the 
same time. Therefore, no information is available on the amount of scatter in the modulus 
data within each sample set.
Table 34. Tensile modulus [MPa] o f polymeric films measured at -150°C, 23°C, 
and 65°C.
Film Test Pre-ConditionTemperature Baseline HT HT+Cryo Thermal Cycle
-150°C 2693 2646 2734 2750
Mylar 23°C 2269 2086 657 1111
65°C 1961 1914 2068 942
-150°C 2409 2702 2607 2436
Tedlar 23°C 1368 1918 462 658
65°C 216 387 393 210
-150°C 2568 2509 2704 2705
Kapton 23°C 3085 2649 951 1624
65°C 3290 3356 3273 1284
-150°C 1458 1841 2133 1923
Eval-F 23°C 237 95 123 166
65°C 108 122 110 41
-150°C 2049 1919 2176 1952
Polyurethane 23°C 171 193 53 127
65°C 37 20 34 17
Paint
Replacement
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Table 35. Normalized tensile modulus, relative to modulus in Baseline 
condition.
Film Test Pre-ConditionTemperature HT HT+Cryo ThermalCycled
-150°C 0.98 1.02 1.02
Mylar 23°C 0.92 0.29 0.49
65°C 0.98 1.05 0.48
-150°C 1.12 1.08 1.01
Tedlar 23°C 1.40 0.34 0.48
65°C 1.79 1.82 0.97
-150°C 0.98 1.05 1.05
Kapton 23°C 0.86 0.31 0.53
65°C 1.02 0.99 0.39
-150°C 1.26 1.46 1.32
Eval-F 23°C 0.40 0.52 0.70
65°C 1.13 1.02 0.38
-150°C 0.94 1.06 0.95
Polyurethane 23°C 1.13 0.31 0.74
65°C 0.55 0.92 0.45
Paint
Replacement









Table 36. Normalized tensile modulus, relative to modulus at 23°C.
Film Test Pre-ConditionTemperature Baseline HT HT+Cryo ThermalCycled
Mylar -150°C 1.19 1.27 4.16 2.4865°C 0.86 0.92 3.15 0.85
Tedlar -150°C 1.76 1.41 5.65 3.7065°C 0.16 0.20 0.85 0.32



















Paint -150°C 115.27 122.85 511.15 195.62
Replacement 65°C 0.63 0.57 2.32 0.32
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2 . 1  E f f e c t s  O f  C o n d i t i o n i n g
2.1.1. Mylar
The effects of conditioning on tensile modulus were strongest on the Mylar film at 
23°C and 65°C. In the HT+Cryo condition, the modulus of the Mylar film was reduced 
by 71 percent at 23°C. The ThermalCycled film showed a modulus reduction of 51 
percent at 23°C. At 65°C, Mylar film in the HT and HT+Cryo conditions showed modest 
reductions. However, thermal cycling reduced the modulus by 52 percent when testing at 
65°C.
2.1.2. Tedlar
The tensile modulus of Tedlar film was most strongly influenced by conditioning at 
23°C and 65°C. At 23°C, HT conditioning increased modulus by 40 percent. The 
addition of cryogenic conditioning resulted in a 66 percent decrease in modulus. 
ThermalCycled Tedlar showed a 52 percent reduction in modulus at 23°C. At 65°C, 
Tedlar in HT and HT+Cryo conditions experienced increases in tensile modulus of 79 
and 82 percent, respectively. At -150°C, the largest change in modulus was seen in the 
HT-conditioned material, which increased in modulus by 12 percent. HT+Cryo 
conditioning caused an 8 percent increase.
2.1.3. Kapton
The modulus of Kapton was reduced by pre-conditioning at 23°C. HT conditioning 
caused a 14 percent reduction, HT+Cryo conditioning caused a 69 percent reduction, and 
thermal cycling caused a 47 percent reduction in tensile modulus. In testing at 65°C, the 
modulus of ThermalCycled Kapton decreased by 61 percent, whereas HT and HT+Cryo
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conditioning caused no significant changes in tensile modulus. No significant changes in 
the modulus of Kapton due to conditioning were found at -150°C.
2.1.4. Eval-F
Conditioning reduced the tensile modulus of Eval-F at 23°C. Modulus was reduced 
by 60 percent, 48 percent, and 30 percent in the HT, HT+Cryo and ThermalCycled 
material, respectively. At -150°C, the modulus increased, with 26 percent, 46 percent, 
and 32 percent increases seen in the HT, HT+Cryo, and ThermalCycled materials, 
respectively. When testing was performed at 65°C, the effects of conditioning were 
mixed. HT conditioned material showed a 13 percent increase in modulus, whereas 
HT+Cryo-conditioned material was unaffected, and thermal cycling caused a 62 percent 
decrease in modulus.
2.1.5. Polyurethane
HT conditioning was found to increase the tensile modulus of the Polyurethane film 
by 13 percent when testing was carried out at 23°C. However, HT+Cryo conditioning 
caused a 69 percent reduction in tensile modulus, and thermal cycle conditioning caused 
a 26 percent reduction in modulus at 23°C. When testing at -150°C, HT and 
ThermalCycled condition caused 6 percent and 5 percent reductions, respectively in 
tensile modulus. HT+Cryo conditioning caused a 6 percent increase in tensile modulus at 
-150°C. At 65°C, pre-conditioning reduced tensile modulus. HT conditioning caused a 45 
percent reduction, HT+Cryo condition caused an 8 percent reduction, and thermal cycling 
caused a 55 percent reduction in tensile modulus.
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2.1.6. Paint Replacement
Under 23°C testing, Paint Replacement film decreased in modulus by 72 percent and 
33 percent due to HT+Cryo and ThermalCycled conditioning. HT conditioning had little 
effect at 23°C. At -150°C, HT+Cryo and ThermalCycled conditioning again had 
significant effects. However, at -150°C, HT+Cryo conditioning caused a 24 percent 
reduction, and thermal cycling caused a 13 percent increase in tensile modulus. A 4 
percent increase in tensile modulus was seen in the HT-conditioned film. At 65°C HT 
conditioning was found to decrease modulus by 12 percent, and thermal cycling caused a 
66 percent decrease. The HT+Cryo-conditioned Paint Replacement film showed a 
negligible increase in tensile modulus at 65°C.
2 . 2  E f f e c t s  O f  T e s t  T e m p e r a t u r e
2.2.1. Mylar
Cryogenic temperature caused the tensile modulus of the Mylar film to increase, but 
the effect varied greatly with pre-conditioning. At -150°C, Baseline and HT-conditioned 
Mylar saw an increase in modulus of 19 percent and 27 percent, respectively, over the 
modulus measured at 23°C. However, at 65°C the modulus of Mylar in the HT+Cryo 
condition increased by 316 percent, and the modulus of Mylar in ThermalCycled 
condition increased by 148 percent. The reason for the large increases in modulus of the 
Mylar in the latter two conditions was unclear. When tested at 65°C, the Mylar film in 
Baseline and HT conditions saw decreases in modulus of 14 percent and 8 percent. The 
modulus of ThermalCycled Mylar decreased by 15 percent compared to the 23°C value.
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The modulus of Mylar film in HT+Cryo condition increased by 215 percent when it was 
tested at 65°C.
2.2.2. Tedlar
When the Tedlar film was tested at -150°C, the tensile modulus of the film in 
Baseline condition increased by 76 percent, and the material in HT condition increased 
by 41 percent over the room temperature value. Similar to the trend seen in Mylar in 
HT+Cryo and ThermalCycled conditions, a -150°C test temperature caused the tensile 
modulus of the Tedlar in HT+Cryo condition to increase by 141 percent over the room 
temperature modulus, and the modulus of the ThermalCycled material increased by 565 
percent. When Tedlar film was tested at 65°C, the modulus of Mylar in Baseline, HT, and 
ThermalCycled conditions decreased by 84 percent, 80 percent, and 68 percent, 
respectively. A test temperature of 65°C decreased the modulus of HT+Cryo material by 
15 percent.
2.2.3. Kapton
The effect of -150°C and 65°C test temperatures on the tensile modulus of Kapton 
film varied with the conditioning history of the film. In Baseline and HT conditions, a 
test temperature of -150°C decreased tensile modulus by 17 percent and 5 percent, 
respectively. The modulus of Kapton in HT+Cryo condition increased by 184 percent, 
relative to 23°C, and the modulus of ThermalCycled Kapton increased by 67 percent. The 
effects of a test temperature of 65°C on the modulus of Kapton film were also mixed. 
Kapton in Baseline and HT conditions increased in modulus by 7 percent and 27 percent.
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Kapton in HT+Cryo condition increased in modulus by 244 percent at -150°C. Kapton in 
ThermalCycled condition decreased in modulus by 21 percent.
2.2.4. Eval-F
Cryogenic test temperature increased the tensile modulus of Eval-F by significant 
amounts. Eval-F in Baseline condition saw a 514 percent increase in modulus, relative to 
23°C. The conditioned material was more strongly affected by -150°C test temperatures, 
with modulus at -150°C increasing by factors nearly 20 times the 23°C value. The effects 
of a 65°C test temperature on the modulus of Eval-F varied with condition. Baseline, HT, 
and ThermalCycled Eval-F showed modulus decreases of 55, 11, and 75 percent, 
respectively. Eval-F in HT+Cryo condition increased in modulus by 29 percent, 
compared to the room temperature value.
2.2.5. Polyurethane
Cryogenic test temperature increased the modulus of the Polyurethane film by a 
factor of 10-41 times over that measured at 23°C. As with the Mylar, Tedlar and Kapton, 
the HT condition was the most strongly affected by the -150°C test temperature. A 65°C, 
test temperature decreased the modulus of Polyurethane in all conditions. In this case, the 
film in the HT+Cryo condition was the least affected. Polyurethane in Baseline, HT, and 
ThermalCycled conditions showed decreases in modulus of 78, 90, and 87 percent, 
respectively, whereas the Polyurethane in HT+Cryo condition experienced only a 36 
percent drop in modulus, compared to 23°C.
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2.2.6. Paint Replacement
When Paint Replacement film was tested at -150°C, the modulus increased by more 
than two orders of magnitude. As with the other materials, the modulus of Paint 
Replacement film in HT+Cryo condition was more temperature sensitive than the film in 
other conditions. The modulus of Paint Replacement in Baseline, HT, and 
ThermalCycled conditions increased by factors of 115, 123, and 196 at -150°C. The 
modulus of HT+Cryo-conditioned Paint Replacement film increased by a factor more 
than 500 times over that of the room temperature modulus. The effects of a 65°C test 
temperature were much less dramatic. The modulus of Paint Replacement in Baseline,
HT, and ThermalCycled conditions decreased at 65°C by 37 percent, 43 percent and 68 
percent, respectively, from the room temperature modulus. Paint Replacement film in 
HT+Cryo condition increased in modulus by 132 percent.
3. Yield strength
The effects of pre-conditioning and test temperature on the yield strength of the films 
evaluated in this study are discussed below. Measured yield strength values are provided 
in Table 37. The influence of pre-conditioning on yield strength, as reflected by the 
percent change in yield strength, relative to yield strength in Baseline condition, is shown 
in Table 38. A similar set of data shows the percent change in yield strength of each film 
due to changing test temperature, relative to 23°C. This data is compiled in Table 39. It is 
important to note that the large percentage changes in yield strength seen in Table 39 for 
Paint Replacement film are due to very low yield strengths of this materials at 23°C and 
65°C. Examination of Table 37 show that the actual yield strength of this material at 
23°C and 65°C is quite low, regardless of pre-conditioning history. As discussed in
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Section 5.2, each reported tensile yield strength value was calculated from a non-linear 
curve fit to stress-strain data of all three sample replicates at the same time. Therefore, it 
was not possible to assess the amount of scatter in the yield strength data within each 
sample set.
Table 37. Yield strength [MPa] o f polymeric films, tested at -150°C, 23°C, and 
65°C.
Film Test Pre-ConditionTemperature Baseline HT HT+Cryo Thermal Cycle
-150°C 122.2 122.3 117.0 102.6
Mylar 23°C 35.9 36.8 38.1 38.1
65°C 25.8 20.3 26.5 28.8
-150°C 94.3 94.3 100.1 75.8
Tedlar 23 °C 18.2 17.7 20.0 20.0
65°C 8.6 4.0 4.4 6.1
-150°C 57.3 85.3 72.4 94.3
Kapton 23°C 27.2 30.6 44.7 44.7
65°C 22.9 19.1 20.4 22.3
-150°C 42.7 47.2 48.3 68.8
Eval-F 23°C 6.3 7.6 6.7 6.7
65°C 1.6 1.5 2.2 2.3
-150°C 110.7 109.4 70.8 93.9
Polyurethane 23°C 4.1 0.2 4.9 4.9
65°C 1.5 0.2 1.3 1.9
Paint
Replacement
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Table 38. Normalized yield strength o f polymeric films, relative to yield strength  
in Baseline condition.
Film Test Pre-Condition
Temperature HT HT+Cryo ThermalCycled
-150°C 1.00 0.96 0.84
Mylar 23°C 1.03 1.06 1.06
65°C 0.79 1.03 1.12
-150°C 1.00 1.06 0.80
Tedlar 23°C 0.97 1.10 1.10
65°C 0.47 0.51 0.71
-150°C 1.49 1.26 1.65
Kapton 23°C 1.12 1.64 1.64
65°C 0.83 0.89 0.97
-150°C 1.10 1.13 1.61
Eval-F 23°C 1.21 1.07 1.07
65°C 0.96 1.40 1.45
-150°C 0.99 0.64 0.85
Polyurethane 23°C 0.06 1.20 1.20
65°C 0.15 0.91 1.31
-150°C 1.19 1.17 1.28
r a l n l 23°C 84.98 13.72 13.72Replacement 65°C 7.02 2.60 45.82
Table 39. 
at 23°C.
Normalized yield strength o f polymeric films, relative to yield strength
Film Test Pre-ConditionTemperature Baseline HT HT+Cryo ThermalCycled
Mylar -150°C 3.41 3.32 3.08 2.7065°C 0.72 0.55 0.70 0.76
Tedlar -150°C 5.17 5.31 5.00 3.7965°C 0.47 0.23 0.22 0.30



















Paint -150°C 871.38" 12.23 74.47" 81.20"
Replacement 65°C 0.71 0.06 0.13 2.36
The yield strength of Polyurethane and Paint Replacement films in Baseline 
condition at 23°C and 65°C was near-zero. The large changes in yield strength seen in 
some of these films shown in Table 39 do not necessarily reflect large values of yield 
strength in these films at these temperatures. See Table 37 for actual yield strength 
values.
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3.1 Effects O f Conditioning
3.1.1. Mylar
Conditioning had a modest effect on the yield strength of the Mylar film. At -150°C, 
the yield strength of Mylar in HT+Cryo condition decreased by 4 percent, relative to 
Baseline, whereas the yield strength of ThermalCycled Mylar decreased 16 percent. HT 
conditioning had no discemable effect on yield strength at -150°C. When testing was 
performed at 23°C, HT conditioning resulted in increases in yield strength of 
approximately 3 percent. The yield strength of Mylar film in HT+Cryo and 
ThermalCycled conditions increased approximately 6 percent at 23°C. At a 65°C test 
temperature, Mylar in HT condition saw a decrease in yield strength of 21 percent, 
whereas ThermalCycled Mylar decreased in yield strength by 12 percent. The yield 
strength of Mylar in HT+Cryo condition at 65°C was 3 percent higher than Baseline.
3.1.2. Tedlar
The effect of conditioning on the yield strength of Tedlar at -150°C and 23°C varied 
with pre-conditioning. HT conditioning had no effect on the yield strength of Tedlar at 
-150°C, whereas HT+Cryo conditioning reduced yield strength by 4 percent, and 
ThermalCycled Tedlar film showed an approximate 20 percent reduction in yield 
strength. At 23°C HT conditioning resulted in a drop in yield strength of less than 3 
percent, and HT+Cryo and thermal cycling caused yield strength to increase by 
approximately 10 percent. Conditioning decreased the yield strength of Tedlar film at 
65°C. At that temperature, the yield strength of Tedlar film in HT and HT+Cryo 
conditions decreased by 53 percent and 49 percent, respectively. Tedlar film in
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ThermalCycled condition at -150°C decreased in yield strength by 29 percent relative to 
its strength in Baseline condition.
3.1.3. Kapton
Conditioning consistently increased the yield strength of Kapton film at -150°C and 
23°C and decreased the yield strength of Kapton film at 65°C. At a test temperature of 
-150°C, Kapton film in HT, HT+Cryo and ThermalCycled conditions exhibited increases 
in yield strength of 49, 26, and 65 percent, respectively. At a test temperature of 23°C, 
Kapton film in HT condition showed an increase in yield strength of 13 percent relative 
to Baseline, whereas HT+Cryo and ThermalCycled Kapton film increased in yield 
strength by 64 percent. When tested at 65°C, Kapton film in HT and HT+Cryo conditions 
exhibited decreases in yield strength of 17 and 11 percent, respectively. ThermalCycled 
Kapton film showed an approximate 3 percent reduction in yield strength at 65°C.
3.1.4. Eval-F
Conditioning generally increased the yield strength of Eval-F film at all test 
temperatures, though the effects were most pronounced at 65°C. Eval-F film in the 
ThermalCycled condition was most strongly effected. During -150°C testing, the yield 
strength of Eval-F film in HT and HT+Cryo conditions increased by 10 percent and 13 
percent, respectively, whereas Eval-F material in the ThermalCycled condition increased 
in yield strength by nearly 65 percent, compared to Baseline condition. At 23°C HT- 
conditioned Eval-F film exhibited an increase in yield strength of almost 21 percent, 
though HT+Cryo and ThermalCycled-conditioned Eval-F increased in yield strength by 
less than 8 percent. At 65°C. Eval-F film in HT+Cryo and ThermalCycled conditions
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increased in yield strength by 40 and 45 percent, respectively. However, Eval-F in HT 
condition showed a 4 percent decrease in yield strength at 65°C.
3.1.5. Polyurethane
In testing Polyurethane film, HT conditioning resulted in large reductions in yield 
strength at 23°C and 65°C. The effects of ThermalCycled and HT+Cryo conditioning 
were temperature-dependent. At -150°C, Polyurethane film subjected to HT+Cryo and 
ThermalCycled conditioning exhibited reductions in yield strength of 36 and 15 percent 
respectively, whereas HT conditioning had no significant effect. When the test 
temperature was raised to 23°C, Polyurethane film in HT condition showed a decrease in 
yield strength of more than 94 percent. HT+Cryo and ThermalCycled conditioning 
caused reductions in yield strength of 20 percent. At 65°C, HT conditioning reduced the 
yield strength of Polyurethane film by 85 percent. HT+Cryo conditioning resulted in a 9 
percent reduction in yield strength, and ThermalCycled conditioning caused an increase 
in yield strength of approximately 31 percent.
3.1.6. Paint Replacement
All conditioning methods increased the yield strength of Paint Replacement film at 
all test temperatures. At -150°C, HT, HT+Cryo, and ThermalCycled conditioning 
methods increased the yield strength of Paint Replacement film by 19, 17, and 28 
percent, respectively. At 23°C and 65°C the yield strength of Paint Replacement film in 
Baseline condition was effectively zero. Conditioning caused small increases in the yield 
strength of Paint Replacement film at 23°C and 65°C. Because the Baseline yield
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strength was so small, the small increases in yield strength are reflected in large 
percentage-wise changes in yield strength in Table 38.
3.2 Effects O f Test Temperature
Cryogenic test temperatures caused large increases in yield strength of all of the 
films. The increase was especially large in the films with low Tgs (Tedlar, Eval-F, 
Polyurethane, and Paint Replacement). With only one exception (Paint Replacement film 
in ThermalCycled condition), a test temperature of 65°C resulted in significant decreases 
in yield strength. Tedlar, Eval-F, and Polyurethane films showed the larges reductions at 
65°C.
3.2.1. Mylar
Cryogenic test temperature was found to significantly increase the yield strength of 
Mylar film, whereas elevated temperature caused significant decreases in yield strength. 
At -150°C, the yield strength of Mylar film in Baseline, HT, and HT+Cryo conditions 
increased by over 200 percent, compared to yield strength at 23°C. Mylar film in 
ThermalCycled condition showed an increase in yield strength of 170 percent. At 65°C, 
Mylar in Baseline, HT+Cryo and ThermalCycled conditions exhibited decreases in yield 
strength of 28, 30, and 24 percent, respectively. The HT-conditioned Mylar film was 
more strongly affected. It decreased in yield strength by 45 percent.
3.2.2. Tedlar
At -I50°C, the yield strength of Tedlar film in Baseline, HT, and HT+Cryo 
conditions increased by more than 400 percent. The material conditioned by the 
ThermalCycled method increased in yield strength by approximately 280 percent. At
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65°C, Tedlar film in Baseline condition showed a decrease in yield strength of 53 
percent. Tedlar in HT, HT+Cryo, and ThermalCycled conditions decreased in yield 
strength by over 70 percent.
3.2.3. Kapton
At -150°C, the yield strength of Kapton film in Baseline and ThermalCycled 
conditions increased by 110 percent relative to yield strength at 23°C. Kapton film in HT 
and HT+Cryo conditions saw increases in yield strength of 178 percent and 62 percent, 
respectively. When testing at 65°C, the yield strength of Kapton film in HT+Cryo and 
ThermalCycled conditions decreased by more than 50 percent, whereas Baseline Kapton 
saw only a 16 percent decrease in yield strength, and HT conditioning caused a 38 
percent decrease.
3.2.4. Eval-F
At -150°C, the yield strength of Eval-F in Baseline and HT conditions increased by 
more than 500 percent, compared to23°C. Eval-F film in HT+Cryo condition increased in 
yield strength by over 600 percent. Eval-F conditioned by the ThermalCycled method 
showed the largest change in yield strength at -150°C, increasing by more than 900 
percent. When testing was carried out at 65°C, temperature-induced changes in yield 
strength were less dependent of pre-conditioning. All Eval-F films exhibited decreases in 
yield strength between 66 and 80 percent.
3.2.5. Polyurethane
Cryogenic test temperature induced a large increase in yield strength of Polyurethane 
film in all conditions. At 23°C, the yield strength of Polyurethane film in Baseline,
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HT+Cryo, and ThermalCycled conditions varied between 4.1 MPa and 4.9 MPa. When it 
was tested at -150°C, the yield strength of those samples increased by factors of 27, 14, 
and 19 times. At -150°C, the yield strength increased by a factor of 460. A test 
temperature of 65°C caused the yield strength of Polyurethane film in Baseline,
HT+Cryo, and ThermalCycled conditions to decrease by 64 percent to 73 percent. 
Polyurethane film in the HT condition showed a decrease in yield strength of 11 percent.
3.2.6. Paint Replacement
The effects of a -150°C test temperature on the yield strength of Paint Replacement 
film were even larger than that seen with Polyurethane. With the exception of material in 
the HT condition, the yield strength of Paint Replacement film at 23°C was less than 1.0 
MPa. As can be seen in Table 37, when tested at -150°C, the yield strength of 
Polyurethane increased to between 54 MPa and 69 MPa. When the test temperature was 
increased to 65°C, Paint Replacement film in HT, HT+Cryo, and ThermalCycled 
conditions exhibited decreases in yield strength of nearly 90 percent. The yield strength 
of Paint Replacement in Baseline condition decreased by 29 percent, relative to 23°C, 
when the test temperature was raised to 65°C.
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4. Ultimate Strength
The effects of pre-conditioning and test temperature on the ultimate tensile strength 
of the films evaluated in this study are discussed below. Measured tensile strength values 
are provided in Table 4 0 .  Since the ultimate strength was evaluated for each specimen 
individually, the strengths shown include ± one standard deviation to provide some 
indication of the scatter in the data. The influence of conditioning on ultimate strength, as 
reflected by the percent change in ultimate strength, relative to Baseline condition, is 
given in Table 4 1 . The percentage change in ultimate strength due to changing test 
temperature, referenced to 2 3 ° C ,  is compiled in Table 4 2 .
Table 40. Average ultimate tensile strength [MPa] o f polymeric films, shown 
with ±one standard deviation.
Film TestTemperature
Pre-Condition








147.6 + 21.0 
63.7+ 2.1 
49.4+ 5.2
153.8 + 29.6 
59.1+ 1.4 
51.9+ 4.6


























186.0 + 35.6 
142.2+ 18.4 
126.2+ 9.3
170.6 + 29.9 
122.8+ 3.8 
122.2+ 4.8
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Table 41. Change in ultimate tensile strength o f polymeric films due to pre­
conditioning, relative to strength in Baseline condition.
Film Test Pre-Cone
ition
Temperature HT HT+Cryo ThermalCycled
-150°C 0.89 0.93 0.98
Mylar 23°C 1.14 1.05 1.00
65°C 0.91 0.96 0.83
-150°C 1.09 1.14 1.03
Tedlar 23°C 0.92 1.06 1.01
65°C 1.18 1.16 0.90
-150°C 1.54 1.42 1.51
Kapton 23°C 1.12 0.97 1.01
65°C 1.04 1.00 0.89
-150°C 1.03 1.07 0.88
Eval-F 23°C 1.33 1.05 1.11
65°C 0.91 0.93 1.07
-150°C 0.97 0.91 1.01
Polyurethane 23°C 1.05 1.18 1.31
65°C 0.97 1.47 1.07
Paint
Replacement









Table 42. Normalized ultimate tensile strength o f polymeric, relative to strength 
at 23°C.
Film Test Pre-ConditionTemperature Baseline HT HT+Cryo ThermalCycled
Mylar -150°C 2.95 2.32 2.60 2.9065°C 0.97 0.78 0.88 0.81
Tedlar -150°C 2.62 3.11 2.81 2.6865°C 0.64 0.83 0.70 0.57



















Paint -150°C 8.75 8.94 10.97 14.56
Replacement 65°C 0.17 0.26 0.23 0.38
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4.1 Effects O f Conditioning
The effects of conditioning on the ultimate strength of the films examined in this 
study varied with temperature and with the material. Overall, the magnitudes of the 
changes in ultimate strength due to conditioning were less significant than those seen in 
tensile modulus and yield strength. In many cases, the change in ultimate strength is on 
the order of the scatter in the data.
4.1.1. Mylar
The ultimate strength of Mylar film in Baseline condition at -150°C was 165 ± 12.5 
MPa. The average strength of the Mylar film did not change greatly at -150°C, but the 
amount of scatter in the ultimate strength data increased significantly, probably due to 
embrittlement of the polyethylene film. HT conditioning reduced ultimate strength at 
-150°C by approximately 11 percent. HT+Cryo conditioning caused a 7 percent drop in 
ultimate strength, compared to Baseline at -150°C. There was no significant change in the 
ultimate strength of ThermalCycled Mylar film at -150°C. When Mylar was tested at 
23°C, HT conditioning caused a 14 percent increase in strength, and HT+Cryo 
conditioning caused a 6 percent increase in strength, relative to Baseline condition. Mylar 
in ThermalCycled condition showed no change in ultimate strength at 23°C. At 65°C, the 
ultimate strength of Mylar film in HT and HT+Cryo conditions decreased by 9 percent 
and 4 percent. The ThermalCycled material saw a 17 percent decrease in ultimate 
strength at 65°C.
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4.1.2. Tedlar
At a test temperature of -150°C, conditioning increased the ultimate strength of 
Tedlar film compared to Baseline. HT, HT+Cryo, and ThermalCycled pre-conditioning 
resulted in increases in tensile strength of 9, 14, and 3 percent, respectively. At 23°C, HT 
conditioning decreased tensile strength by 8 percent, and HT+Cryo conditioning 
increased the strength by 6 percent. ThermalCycled conditioning caused no change in 
ultimate strength at 23°C. At 65°C, Tedlar film subjected to HT conditioning showed an 
18 percent increase in strength, whereas HT+Cryo conditioning increased the strength by 
16 percent, and ThermalCycled conditioning reduced tensile strength by 10 percent.
4.1.3. Kapton
A test temperature of -150°C increased the ultimate tensile strength of Kapton in HT, 
HT+Cryo, and ThermalCycled conditions by 54, 43, and 51 percent, respectively. The 
pre-conditioned material exhibited more scatter than the Baseline material at -150°C. At 
23°C, the effects of condition were more modest. HT conditioning increased ultimate 
strength by 12 percent, and HT+Cryo conditioning decreased strength by 3 percent. No 
significant effects due to ThermalCycled conditioning were found at 23°C. When the test 
temperature was raised to 65°C, HT conditioning was found to increase the tensile 
strength of Kapton by approximately 4 percent. Thermal cycling reduced tensile strength 
by 11 percent, but HT+Cryo conditioning had no effect.
4.1.4. Eval-F
HT and HT+Cryo conditioning led to small increases in the ultimate tensile strength 
of Eval-F film at -150°C. HT conditioning caused a 3 percent increase, and HT+Cryo
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conditioning caused a 7 percent increase at -150°C. However, ThermalCycled 
conditioning led to a 12 percent decrease in strength at -150°C. On raising the test 
temperature to 23°C, HT conditioning was found to increase tensile strength of Eval-F by 
33 percent. HT+Cryo and ThermalCycled conditioning increased strength by 5 and 11 
percent, respectively. When test temperature was raised to 65°C, HT and HT+Cryo 
conditioning led to decreases in ultimate strength of approximately 9 percent and 7 
percent, and ThermalCycled conditioning caused the tensile strength of Eval-F to 
increase by 7 percent.
4.1.5. Polyurethane
At -150°C, small, preconditioning-induced decreases were seen in the tensile 
strength of Polyurethane film. Polyurethane subjected to HT pre-conditioning exhibited a 
3 percent drop in strength, and HT+Cryo conditioning led to a 9 percent drop. 
ThermalCycled conditioning had no effect. The amount of scatter in the tensile strength 
of the pre-conditioned Polyurethane samples at -150°C was significantly less than that 
seen in the Baseline material. At 23°C, pre-conditioning led to increases in tensile 
strength. HT, HT+Cryo, and ThermalCycled-conditioned Polyurethane film saw 
increases in average tensile strength of 5, 18, and 31 percent, respectively, though the 
amount of scatter in the data increased somewhat. When tensile testing was performed at 
65°C, the strength of Polyurethane film in HT+Cryo condition increased by 47 percent, 
relative to Baseline at the same temperature. HT pre-conditioning led to a decrease in 
strength of 3 percent, and ThermalCycled conditioning led to a 7 percent increase.
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4.1.6. Paint Replacement
Cryogenic conditioning increased the strength of Paint Replacement film when it 
was tested at -150°C. The tensile strength of Paint Replacement film in HT+Cryo and 
ThermalCycled conditions increased by 44 percent and 63 percent, compared to Baseline, 
though HT conditioning caused only a 4 percent increase in tensile strength. At 23°C HT 
and HT+Cryo conditioning increased tensile strength by 2 percent and 15 percent, 
respectively. A small decrease in the strength of ThermalCycled-conditioned Paint 
Replacement was seen, though the change is negligible in comparison with the scatter in 
the data. When testing at 65°C, conditioning caused significant increases in ultimate 
tensile strength. HT and HT+Cryo conditioning led to 56 percent increases in strength at 
65°C, whereas ThermalCycled conditioning led to an increase in strength of 117 percent, 
relative to Paint Replacement in Baseline condition at 65°C.
4.2 Effects O f Test Temperature
The effects of temperature on the ultimate tensile strength of the films were 
significant. This was especially true at a test temperature of-150°C, which led to 
increases in the average tensile strength in nearly every sample set. Similarly, elevated 
temperature testing at 65°C led to decreases in tensile strength of all the films. The films 
with the lowest Tgs (Eval-F, Polyurethane, and Paint Replacement) were most strongly 
affected by test temperature.
4.2.1. Mylar
When Mylar film in Baseline and ThermalCycled condition were tested at -150°C, 
their ultimate tensile strength was found to increase by a factor of 3 over room
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temperature strength. The HT-conditioned Mylar film saw a 2.3 times increase in tensile 
strength, whereas the strength of the HT+Cryo material was 2.6 times higher. The amount 
of scatter in the strength data for HT, HT+Cryo, and ThermalCycled-conditioned films 
was higher than that seen under room temperature testing. Testing of HT-conditioned 
Mylar at 65°C resulted in a 22 percent decrease in tensile strength, compared to 23°C. 
Mylar in the HT+Cryo condition lost 12 percent of its tensile strength at 65°C, and 
ThermalCycled-conditioned Mylar lost 19 percent.
4.2.2. Tedlar
When Tedlar film in Baseline condition was tested at -150°C, its tensile strength was 
found to have increased 162 percent over that measured at 23°C. Pre-conditioning 
increased the sensitivity of Tedlar film to cryogenic temperature. Tedlar in HT,
HT+Cryo, and ThermalCycled conditions increased in strength by factors of 2.62, 3.11, 
and 2.81, respectively. Increasing test temperature to 65°C resulted in a decrease in 
tensile strength of 36 percent for Tedlar in Baseline condition, a reduction of 17 percent 
for Tedlar in HT condition, a reduction of 30 percent for the HT+Cryo condition, and a 
reduction of 19 percent for the ThermalCycled condition.
4.2.3. Kapton
The tensile strength of Kapton film was much less sensitive to cryogenic temperature 
than the other films. When Kapton was tested at -150°C in Baseline condition, it 
decreased in tensile strength by 5 percent. Pre-conditioned Kapton film increased in 
average tensile strength at -150°C. HT-conditioned Kapton showed an increase of 31 
percent, whereas Kapton in HT+Cryo condition saw an increase of 39 percent.
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ThermalCycled Kapton film saw a 41 percent increase in strength, relative to 23°C. The 
degree of scatter in the strength data of Kapton film at -150°C was larger than the 
increases seen in strength. When Kapton was tested at 65°C, the average tensile strength 
of the Baseline material decreased by 4 percent, compared to 23°C. HT-conditioned 
Kapton lost 11 percent of its tensile strength, and ThermalCycled-conditioned Kapton 
lost 16 percent. The strength of Kapton in the HT+Cryo condition at 65°C was 
unchanged from the room temperature value.
4.2.4. Eval-F
The tensile strength of Eval-F was highly dependent on test temperature. When Eval- 
F was tested at -150°C, the tensile strength was 5.9 to 7.6 times higher than it was at 
23°C. The variability in the tensile strength of individual specimens of Eval-F increased 
markedly at -150°C. In tensile testing at 65°C, the average strength of Eval-F in Baseline, 
HT+Cryo, and ThermalCycled conditions decreased by 51 percent, 57 percent, and 53 
percent, respectively. Eval-F film in the HT condition decreased in strength by 66 percent 
at 65 °C.
4.2.5. Polyurethane
Reducing the test temperature of Polyurethane film to -150°C caused the tensile 
strength to increase by factors ranging from 7.5 to nearly 10 over room temperature 
strength. The Baseline material, was the most sensitive to test temperature, and it 
exhibited a large variation in strength among specimens. Increasing test temperature to 
65°C caused the tensile strength of Polyurethane in all conditions to drop to between 27 
and 41 percent of its room temperature value.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
227
4.2.6. Paint Replacement
Paint Replacement film behaved similarly to Polyurethane, but the magnitudes of the 
changes in ultimate tensile strength with changes in test temperature were larger. At a test 
temperature of -I50°C, Paint Replacement film in Baseline and HT conditions saw their 
average tensile strength increase by nearly 9 times over the room temperature strength. 
The tensile strength of Paint Replacement in HT+Cryo and ThermalCycled conditions 
increased by a factor of 7.5 over room temperature strength when they were tested at 
-150°C. When Baseline Paint Replacement was tested at 65°C, the ultimate strength 
decreased to by 83 percent. Paint Replacement in the HT and HT+Cryo conditions lost 
nearly 75 percent of their room temperature strength. The strength of ThermalCycled 
Paint Replacement film decreased by 62 percent, relative to 23°C.
5. Failure Strain
The effects of pre-conditioning and test temperature on the Strain-to-failure of the 
films evaluated in this study are discussed below. Measured failure strain values are 
given in Table 43. The strains shown in Table 43 included ± one standard deviation to 
provide some indication of the scatter in the data. The influence of pre-conditioning on 
failure strain is seen in the data in Table 44. A similar set of data, showing failure strain 
at -150°C and 65°C normalized to strain at 23°C, is presented in Table 45.
5.1 Effects Of Conditioning
The effects of pre-conditioning on the Strain-to-failure of the films examined in this 
study were highly dependent on the material and the test temperature. Mylar and Kapton 
films appeared to be the most sensitive to conditioning history. Pre-conditioning proved
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to be a larger influence on failure strain at -150°C and 23°C than at 65°C, perhaps 
because some moisture was lost from the films at 65°C during testing.
5.1.1. Mylar
The failure strain of Mylar film at -150°C was reduced nearly 50 percent for the 
materials in HT and HT+Cryo conditions, whereas ThermalCycled Mylar dropped by 16 
percent. At 23°C, pre-conditioning caused significant increases in failure strain. The 
average failure strain of HT-conditioned Mylar was more than double that of Mylar in 
Baseline condition. The failure strain of Mylar in HT+Cryo and ThermalCycled 
conditions increased by 82 percent and 50 percent, respectively. When test temperature 
increased to 65°C, the average Strain-to-failure of HT and HT+Cryo-conditioned Mylar 
film was largely unchanged, though the variability in the strain data increased noticeably 
over that seen in the Baseline condition.
5.1.2. Tedlar
During testing at -150°C, the average Strain-to-failure of Tedlar in HT+Cryo 
condition increased by 40 percent over Baseline, though the material in HT and 
ThermalCycled conditions showed no significant changes. At 23°C, HT+Cryo 
conditioning caused an increase of 16 percent in strain to failure, and ThermalCycled 
conditioning caused an increase of 46 percent. HT conditioning had no effect on failure 
strain at 23°C. Tedlar tested at 65°C in HT condition showed an increase in failure strain 
of 15 percent, whereas ThermalCycled conditioning led to a decrease in strain of 11 
percent. The failure strain of HT+Cryo-conditioned Tedlar film was nearly unaffected at 
65°C.
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5.1.3. Kapton
Conditioning generally increased the Strain-to-failure of Kapton film at lower 
temperatures and caused small reductions at elevated temperature. At -150°C, the failure 
strain of Kapton film in the HT and HT+Cryo conditions increased by more than 200 
percent, relative to Baseline condition. The failure strain of Kapton in the ThermalCycled 
condition increased by 32 percent. When testing was performed at 23°C, conditioning- 
related increases in failure strain were smaller. The average failure strain of HT- 
conditioned Kapton film increased by 53 percent, and the ThermalCycled film increased 
by 35 percent. The average failure strain of Kapton film in HT condition decreased by 4 
percent, though this decrease was far smaller than the variation in the data. At 65°C, HT 
Kapton showed a decrease in failure strain of 7 percent, and ThermalCycled Kapton 
showed a decrease of 15 percent. HT+Cryo conditioning caused a negligible 2 percent 
increase in failure strain.
5.1.4. Eval-F
At 23°C and -150°C, pre-conditioning reduced the Strain-to-failure of Eval-F film. 
ThermalCycled Eval-F film was the most strongly affected. At -150°C, HT and HT+Cryo 
conditioning caused small reductions (6 percent and 2 percent respectively) in failure 
strain. However, the failure strain of ThermalCycled Eval-F film was only 44 percent of 
the Baseline value, and a large amount of scatter was seen in the data. At a test 
temperature of 23°C, the averaged failure strain of HT-conditioned Eval-F decreased by 
15 percent, and the failure strain of the HT+Cryo material decreased by 8 percent. As was 
seen at -150°C, the failure strain of ThermalCycled Eval-F film at 23°C was only 53 
percent of the Baseline value. When Eval-F film was tested at 65°C in HT and HT+Cryo
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conditions, it did not fail at the test frame crosshead travel limits. ThermalCycled Eval-F 
film did fail, but the failure strain was 2.37 times the 0.9446 average strain value 
measured in the Baseline material.
5.1.5. Polyurethane
Pre-conditioning significantly increased the Strain-to-failure of Polyurethane film 
when testing was performed at -150°C. HT-conditioned Polyurethane exhibited an 
increase in failure strain of 27 percent, relative to Baseline. HT+Cryo-conditioned 
Polyurethane showed a 46 percent increase, and ThermalCycled-conditioned material 
showed an increase of 79 percent. The Polyurethane film did not fail at the test frame 
crosshead travel limits at either 23°C or 65°C test temperatures.
5.1.6. Paint Replacement
Conditioning reduced the Strain-to-failure of the Paint Replacement film at -150°C. 
HT-conditioned Paint Replacement saw a 20 percent reduction in failure strain, whereas 
HT+Cryo conditioning resulted in a drop of 56 percent. Thermal cycling had no apparent 
effect at -150°C. When the test temperature was raised to 23°C, HT+Cryo Paint 
Replacement showed a 23 percent increase in failure strain, whereas ThermalCycled 
Paint Replacement exhibited a decrease of 27 percent, along with a large increase in the 
variability in the data. HT conditioning had no discemable effect on failure strain at 
23°C. When the test temperature was raised further to 65°C, none of the Paint 
Replacement film specimens failed at the test frame crosshead travel limits.
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5.2 Effects O f Test Temperature
Cryogenic test temperature decreased the Strain-to-failure of all of the films. The 
Tedlar and Eval-F materials were the least effected by a test temperature of-150°C. The 
effect of test temperature on the failure strain of Polyurethane film could not be 
quantified, because the film did not fail under 23°C testing. The failure strain of Paint 
Replacement film at -150°C was nearly 2 orders of magnitude smaller than the room 
temperature value.
5.2.1. Mylar
Pre-conditioned Mylar was considerably more sensitive to cryogenic temperature 
than Baseline Mylar. At a test temperature of -150°C, Mylar film in Baseline condition 
failed at a strain 50 percent below that measured at room temperature. Mylar conditioned 
by the HT and HT+Cryo methods failed at only 13 percent and 14 percent of room 
temperature strain, respectively. Testing at 65°C increased the failure strain of Mylar 
film, but pre-conditioning reduced the increase in failure strain, compared to Mylar film 
in Baseline condition. Baseline Mylar at 65°C showed an average failure strain 2.67 
times higher than the room temperature value. HT-conditioned Mylar failed at a strain 
level only 12 percent above the room temperature strain, and ThermalCycled Mylar film 
failed at a strain level 11 percent above the maximum strain room temperature. HT+Cryo 
conditioning resulted in a 42 percent increase in failure strain at 65°C.
5.2.2. Tedlar
The failure strain of Tedlar film was reduced between 7 and 12 percent when testing 
was performed at -150°C. There appeared to be little interaction between conditioning
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and test temperature. Increasing the test temperature to 65°C resulted in increases in 
failure strain of 15 percent for the Baseline material and 34 percent for the HT- 
conditioned material. The failure strain of Tedlar in HT+Cryo condition was unchanged 
at 65°C, compared to 23°C. ThermalCycled Tedlar film, tested at 65°C, suffered a 30 
percent reduction in failure strain, relative to room temperature.
5.2.3. Kapton
Cryogenic test temperature caused significant reductions in failure strain in Kapton. 
Kapton film in Baseline and ThermalCycled conditions showed a 25 percent reduction in 
failure strain at -150°C. HT and HT+Cryo-conditioned Kapton failed at strains that were 
43 and 53 percent, respectively, below the failure strain measured at 23°C. The effects of 
raising the test temperature to 65°C varied with material condition. The failure strain of 
Baseline Kapton increased by 13 percent, and the failure strain of HT+Cryo-conditioned 
Kapton increased by 21 percent over that measured at 23°C. HT and ThermalCycled 
conditioning resulted in an approximately 30 percent reduction in failure strain at 65°C.
5.2.4. Eval-F
The Strain-to-failure of Eval-F film at -150°C was essentially unchanged from that 
seen at room temperature. However, raising the test temperature to 65°C caused a 75 
percent reduction in the failure strain of Baseline Eval-F. ThermalCycled Eval-F showed 
an increase in failure strain of 11 percent. Eval-F film in HT and HT+Cryo conditions did 
not fail at the maximum test stand crosshead displacement.
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5.2.5. Paint Replacement
Reducing test temperature from 2 3 ° C  to -1 5 0 ° C  had a profound effect on the Strain- 
to-failure of the Paint Replacement film. In all cases, the Paint Replacement film failed at 
a strain level of less than 3 percent of the strain level seen at 2 3°C .











Table 43. Average Strain-to-failure o f polym eric films, shown with ± one standard deviation.
Film TestTemperature
Pre-Condition











0.0833 ± 0.0529 










0.7215 ± 0.1198 
0.8266 ±0.1654
0.0697 ± 0.0029 
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Table 44. Normalized Strain-to-failure o f polymeric films, relative to Strain-to- 
failure in Baseline condition.
Film Test Pre-ConditionTemperature HT HT+Cryo Thermal Cycle
-150°C 0.56 0.52 0.84
Mylar 23°C 2.24 1.82 1.50
65°C 0.94 0.97 0.62
-150°C 0.99 1.40 1.05
Tedlar 23°C 0.98 1.16 1.46
65°C 1.15 1.02 0.89
-150°C 2.65 2.07 1.32
Kapton 23°C 1.53 0.96 1.35
65°C 0.93 1.02 0.85
-150°C 0.94 0.98 0.44
Eval-F 23°C 0.85 0.92 0.53
65°C — — 2.37
-150°C 1.27 1.46 1.79
Polyurethane 23 °C - - -
65°C — — —
-150°C 0.80 0.64 0.99ralril 23°C 1.01 1.23 0.73Replacement 65°C
Table 45. Normalized Strain-to-failure o f polymeric films, relative to Strain-to- 
failure at 23°C.
Film Test Pre-ConditionTemperature Baseline HT HT+Cryo ThermalCycled
Mylar -150°C 0.50 0.13 0.14 0.2865°C 2.67 1.12 1.42 1.11
Tedlar -150°C 0.90 0.90 0.88 0.9365 °C 1.15 1.34 1.01 0.70







— — — —
Paint -150°C 0.02 0.02 0.01 0.03
Replacement 65°C — — — —
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V. DISCUSSION
A. Mechanical Testing of IM7/977-2
In this section of this work, the temperature-dependent mechanical properties of 
IM7/977-2 are compared to literature data. Overall, the data available in the literature on 
the mechanical properties of graphite fiber-reinforced toughened epoxies is sparse. 
Strength and modulus data for IM7/977-2 from two industry studies are provided. 
Mechanical properties that were obtained in testing of 1M7/PETI-5 (graphite 
fiber/polyimide) composites are also provided, because it was tested under nearly 
identical conditions and in the same layups as the IM7/977-2 material in this study. The 
data attributed to Johnson and Gates,24 referred to as Rockwell and General Dynamics 
data, were obtained from testing of IM7/977-2 in the form of unidirectional tension 
specimens. These properties were averages of several sets of properties for this material, 
provided by the respective companies to NASA researchers. The laminate strength and 
modulus data taken from Johnson and Gates were for an Ortho-A laminate, made from 
IM7/PETI-5. The laminate property data attributed to Ishikawa et al.63 were obtained 
from materials, designated by them as IM/Aa, IM/Ba, and IM/Ca (otherwise unspecified 
intermediate modulus graphite fiber-reinforced toughened epoxies), in the form of 
[ + 4 5 / 0 / - 4 5 / 9 0 ] 2 s  laminates. The lamina modulus values attributed to Ishikawa et al. were 
from IM/Aa laminates. Lamina and laminate data attributed to Gates et al.64 were for 
IM7/PETI-5 composite. Their lamina properties were obtained from unidirectional 
specimens; whereas the laminate strength and modulus were obtained from Ortho-A 
laminates made from IM7/PETI-5.
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1. Unidirectional and Shear Tensile Properties
1.1 Tensile Modulus
The longitudinal tensile modulus ofIM7/977-2 in Baseline condition was compared 
to literature data cited by Johnson and Gates for IM7/977-2 unidirectional laminates. The 
General Dynamics data in Figure 107 indicated that the effect of cryogenic temperature 
on the longitudinal tensile strength was non-linear. Tensile modulus was reduced by over 
10 percent at -196°C, but at -269°C the reduction in E| was only 5 percent. The 
longitudinal modulus at -269°C, as reported by Rockwell, was 5 percent lower that the 
room temperature value. However, because the Rockwell data set did not include a 
modulus value at -196°C, the linearity of the effect of cryogenic temperature on the 
modulus of their specimens could not be assessed. Gates et al. reported values for 
longitudinal tensile modulus of IM-7/PETI-5 composites, tested under conditions 
identical to those in this study. They found that lowering the test temperature to -196°C 
resulted in a reduction in tensile modulus of approximately 3 percent. Further reductions 
in temperature to -269°C resulted in an 8 percent reduction in modulus, compared to 
room temperature. Ishikawa et al. found that a test temperature of -196°C caused a small 
increase in longitudinal tensile modulus. The modulus of the Baseline specimens in the 
present study showed more temperature sensitivity than those cited in the references. 
Testing at -196°C resulted in an average reduction in longitudinal modulus of 22 percent 
below that seen at room temperature. When tested at -269°C, the modulus rose to 12 
percent below the room temperature value.
The transverse tensile modulus of IM7/977-2 at cryogenic temperature in Baseline 
condition was compared to the Rockwell data set given by Johnson and Gates. The data
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are shown in Figure 108. The transverse modulus at -196°C of the Baseline specimens in 
the present study increased by 34 percent over that measured at room temperature.
Further reduction in temperature to -269°C resulted in an increase in transverse modulus 
to 43 percent above the 23°C value. The transverse modulus of 1M7/977-2 in the 
Rockwell data, cited by Johnson and Gates, showed a far greater dependence on 
temperature. That study indicated that transverse modulus at cryogenic -269°C was more 
than twice as high as the room temperature modulus. In the mechanical properties 
reported by Ishikawa et al., a test temperature of-196°C caused an increase in transverse 
tensile modulus of 63 percent over that at room temperature. Because no details about the 
test methods behind the Rockwell data cited by Johnson and Gates were available, the 
reason for the large difference in the effect of cryogenic test temperature on transverse 
modulus of the two sets of otherwise identical material cannot be established. Testing on 
unidirectional IM7/PETI-5 laminates by Gates et al. showed a drop in transverse of 14 
percent at -196°C and a drop of 10 percent at -269°C.
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Figure 107. Normalized longitudinal tensile modulus o f IM 7/977-2 in Baseline 
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Figure 108. Normalized transverse modulus o f IM7/977-2 composite in Baseline 
condition, compared to industry-reported values cited by Johnson and Gates and 
research data reported by Ishikawa et al. (IM /Aa composite).
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1 . 2  T e n s i l e  S t r e n g t h
Though the Baseline data from the present study and the Rockwell data both indicate 
that a reduction in temperature lowers longitudinal tensile strength, the Baseline material 
in this research was more sensitive to cryogenic temperature than the material tested by 
Rockwell. As seen in Figure 109, Johnson and Gates’ Rockwell data set suggests that a 
test temperature of -196°C had negligible effect on longitudinal tensile strength, whereas 
the Baseline specimen showed an average reduction in longitudinal tensile strength of 20 
percent. At -269°C, the Rockwell numbers show a reduction in longitudinal tensile 
strength of 1M7/977-2 of 10 to 15 percent, compared to room temperature. The Baseline 
specimens in this research exhibited a longitudinal tensile strength reduction of 
approximately 50 percent at the same temperature. The longitudinal tensile strength of 
IM7/PETI-5 at -169°C, as reported by Gates and Whitley, was approximately 34 percent 
lower than that measured at room temperature. Further reductions in temperature to 
-269°C resulted in an average longitudinal tensile strength that was 23 percent below the 
room temperature strength.
In the present study, the transverse tensile strength of Baseline 1M7/977-2 increased 
by 40 percent when the test temperature was lowered to -196°C. The increase was 45 
percent at -269°C. The Rockwell data showed a similar trend, with a 56 percent increase 
in transverse tensile strength at -269°C.
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Figure 109. Normalized longitudinal tensile strength o f IM 7/977-2 composite in 
Baseline condition compared to literature data on the same material, cited by 
Johnson and Gates, and experimental data on IM 7/PETI-5 provided by Gates and 
W hitley.
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Figure 110. Normalized transverse tensile modulus o f IM 7/977-2 unidirectional 
composite compared to Rockwell data cited by Johnson and Gates.
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2. Laminate Tensile Properties
2 . 1  L a m i n a t e  T e n s i l e  M o d u l u s
The tensile modulus of an IM7/977-2 Ortho-A laminate in Baseline condition was 
compared to the tensile modulus data given by Johnson and Gates and Ishikawa et al. 
Both groups examined quasi-isotropic laminates of toughened epoxy and graphite fibers. 
In both of those studies, cryogenic test temperatures were found to have little effect on 
the tensile modulus of Ortho-A laminates. Gates and Whitley looked at Ortho-A 
laminates made from IM7/PETI-5. They saw a 20 percent drop in modulus at -196°C and 
a 14 percent drop at -269°C. The Baseline laminates tested in this research showed a 
behavior similar to that noted by Gates and Whitley, i.e. the minimum modulus was 
found at -196°C. However, in this case, a 5 percent drop in tensile modulus was noted at 
-196°C and a 2 percent gain was measured at -269°C.
2 . 2  L a m i n a t e  T e n s i l e  S t r e n g t h
The tensile strength of IM7/977-2 Ortho-A in Baseline condition was compared to 
tensile strength data taken from Ishikawa et al. and Gates et al. The toughened epoxies 
tested by Ishikawa et al. exhibited reductions in laminate tensile strength of 4 to 14 
percent at -196°C and 8 to 18 percent at -269°C. The tensile strength of IM7/977-2 
Ortho-A in Baseline condition was reduced by approximately 9 percent at -196°C and 12 
percent at -269°C. The behavior of IM7/PETI-5 differed from the epoxies in that the 
tensile strength at -196°C was 18 percent below the room temperature value, whereas the 
strength at -269°C rose to 8 percent below that seen at room temperature.
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Figure 111. Normalized tensile modulus o f an Ortho-A [+4 5 /9 O3/-4 5 /O3/- 
45/903/+45] IM 7/977-2 laminate in Baseline condition.
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Figure 112. Normalized tensile strength o f an Ortho-A [+45/903/-45/03/-45/903/+45] 
IM7/977-2 laminate in Baseline condition.
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B. Coefficient of Thermal Expansion Testing
1. Comparison to Sim ilar Data in the Literature
The calculated coefficient of thermal expansion results were compared to CTE 
results that Johnson and Gates obtained from dilatometer measurements on unidirectional 
IM7/PETI-5 composites. The results from the curve fit method are shown in Figure 113. 
The strain gage data indicate that transverse CTE decreased with decreasing temperature 
from 23°C down to approximately -100°C. Further decreases in temperature saw 
increases in apparent CTE. Johnson and Gates’ data indicate that the CTE of IM7/PETI-5 
decreased monotonically as a function of temperature with a greater rate of change at the 
lowest temperatures. The longitudinal CTE of IM7/977-2 showed a similar trend to the 
transverse CTE, with the minimum reached at approximately -70°C. Johnson and Gates’ 
data suggest that the longitudinal CTE of IM7/PETI-5 was approximately linearly related 
to temperature, with decreases in temperature causing increases in CTE.
2. Experimental Observations
On changing to liquid helium coolant, the density of the water vapor fog in the 
insulated box made determination of the depth of the liquid helium impossible to gage. 
The thermocouple scanner was calibrated for a minimum temperature of 200°C. 
Temperature readings below that point were unreliable. Once all of the cryogen in the 
box boiled off, the initial rate of temperature increase was unacceptably high.
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Figure 113. Coefficient o f thermal expansion o f IM7/977-2, obtained by the strain 
gage method, compared to that o f IM 7/PETI-5, obtained with a dilatometer.
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C. Polymeric Film Characterization 
1. Effects o f  Temperature and Pre-conditioning
1 . 1  T e n s i l e  M o d u l u s
Cryogenic test temperature had the greatest effect on the tensile modulus of the films 
with the lowest glass transition temperatures. Overall, the films exhibited increases in 
tensile modulus with decreasing test temperature. An exception to this was Kapton, 
which showed an increase in tensile modulus at 65°C for all conditions other than 
ThermalCycled. HT conditioning caused only modest changes in tensile modulus. The 
exceptions to this were significant reductions in modulus of Eval-F at 23°C and 
Polyurethane at 65°C. HT+Cryo conditioning reduced tensile modulus at 23°C, but had 
little effect at 65°C or -150°C. ThermalCycled pre-conditioning reduced tensile modulus 
at 23°C and 65°C, but had little effect at -150°C.
1 . 2  Y i e l d  S t r e n g t h
The yield strength of all of the films increased with decreases in test temperature. 
The most strongly affected materials were Paint Replacement and Polyurethane. The 
difference in yield strength among the films at -150°C, where all of the films were more 
than 200°C below their Tgs, was much smaller than it was at 23°C or 65°C. Pre­
conditioning generally led to modest increases in yield strength at all temperatures. 
However, Tedlar showed consistent reductions in yield strength at 65°C in all pre­
conditions. The large apparent effects of pre-conditioning on Polyurethane and Paint 
Replacement films should not be over-emphasized. The stress-strain behavior of these 
films at 23°C and 65°C were highly non-linear and the large changes shown in Table 37
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can be attributed to the imperfect nature of the curve fitting method used to calculate 
yield strength.
1 . 3  T e n s i l e  S t r e n g t h
Because of their low glass transition temperatures, the tensile strengths of Eval-F, 
Paint Replacement, and Polyurethane films were far below those of the other films at 
23°C and 65°C. At -150°C, the tensile strengths of the films were comparable. The 
effects of pre-conditioning on ultimate strength were modest. Kapton showed clear 
increases in tensile strength at 23°C, but little effect at 65°C. Cryogenic temperature 
exposure increased the average tensile strength of Paint Replacement film at 65°C and 
-150°C, but it had little effect at 23°C. The influence of pre-conditioning on the other 
materials was dependent on the material tested and the test temperature.
1 . 4  S t r a i n  t o  f a i l u r e
The average failure strain exhibited at 23°C and 65°C varied inversely with the 
tensile modulus. Eval-F, Paint Replacement, and Polyurethane films showed elastomeric 
behavior at elevated temperatures, frequently not failing at the maximum applied strain. 
At -150°C, the stronger, stiffer materials failed at higher strain levels than the lower- 
modulus materials. However the difference in failure strain among the materials at 
-150°C was much smaller than that seen at higher temperatures. The effects of pre­
conditioning on failure strain varied with both the material and the temperature at which 
it was tested.
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1 . 5  S t o r a g e  m o d u l u s
The insensitivity of the storage modulus of Kapton film to temperature is not 
surprising. At 65°C, the Kapton film was more than 250°C below its glass transition 
temperature. The storage modulus of the Mylar film appeared to be largely dependent on 
the aluminum foil component of that film. The Paint Replacement, Polyurethane, and 
Eval-F films exhibited large decreases in storage modulus at elevated temperature.
Though the storage modulus of the materials varied over a range of approximately three 
orders of magnitude at elevated temperature, at -150°C the modulus of all of the materials 
were comparable. Due to the large variability in storage modulus among individual test 
specimens of the same material, the effects of pre-conditioning could not be readily 
assessed.
D. Hydrogen Gas Leak Rate Testing
1. Stitch Cracking
The stitch cracking that was observed in Specimen #1 was similar to that seen in a 
recent study by Yokozeki and his co-workers30 on the microcracking behavior of 
intermediate modulus carbon fiber-reinforced toughened epoxy laminates. In their study, 
they looked at the initiation of microcracking in off-angle plies of [O/02/9O]s laminates 
under static loading. Three laminates were examined with an angle 0 of 30°, 45°, and 
60°. They found that the tendency of microcracking to initiate as stitch cracking increased 
as the angle between the 0-ply and the 90° ply decreased. The examination of 
longitudinal cross-sections of Specimen #1 indicated that a significant number of 
microcracks in the 90° plies initiated in the interior of the specimen and did not propagate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to the edges. These cracks would not have been revealed by radiography because they 
were not filled with penetrant. So the radiographic image underestimates the actual 
number of microcracks present in the 90° plies. Stitch cracking of adjacent plies along 
these hidden microcracks was also not revealed. Stitch cracking within Specimen #1 is 
likely to be much more widespread than the image would lead one to believe.
2. Crack Junction Density
Establishing a relationship between measured leak rate and the damage state of a 
microcracked laminate requires some method of estimating the size and number of leak 
paths present. Leakage will depend on the number and length of microcracks, their 
distribution among the laminae, which together determine the number and size of 
connections between microcracks in adjacent laminae. In considering gas flow within 
microcracks in a composite laminate, it is reasonable to assume that the resistance to gas 
flow along the length of a microcrack is considerably lower than the resistance posed by 
the microcrack junctions. In this case, the leak rate is controlled by microcrack 
connectivity.
Using this idea, the hydrogen leak rate of Specimen # 1 was normalized by the 
theoretical number of crack junctions per unit area. The number of crack junctions per 
unit area was taken as the average crack density in the 90° plies multiplied by the average 
crack density in the +45° plies. This resulted in estimations of crack junction density of 
20 cracks/cm2 and 82 cracks/cm2 for Specimen # 1 after 200,000 and 430,000 cycles, 
respectively. This approach to damage characterization assumes that all cracks along the 
specimen edges are sufficiently long to cross all of the cracks in the adjacent ply and that 
all microcracks span the fill thickness of their ply group, thereby forming a junction.
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Though micrographic examination of Specimen # 1 showed that stitch cracks were 
present, the presence of crack junctions due to stitch cracks is neglected in this 
normalization procedure. Figure 114 and Figure 115 show the results of the 
normalization. At room temperature, the curves for the two damage states are nearly the 
same; i.e. the leak rate of the specimen appears to be proportional to the theoretical 
number of crack junctions. On cooling to -191°C temperature, the normalized leak rate of 
the specimen with the higher damage level (higher crack density and larger 
delaminations) is significantly higher. A possible explanation for the discrepancy is that 
thermal strains at -191 °C open delaminations, thereby reducing the constrictions offered 
by crack junctions. The fact that the normalized curves diverge with increasing 
mechanical strain levels at both temperatures support the assumption.
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Figure 115. Leak rate at -191°C divided by the theoretical number o f crack  
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VI. SUMMARY AND CONCLUSIONS
Polymer matrix composite materials possess a combination of high strength, high 
modulus, and low density, which makes them attractive candidates for use in cryogenic 
fuel tanks in next generation launch vehicles. Several recent studies have indicated that 
IM7/977-2 is promising material for this type of application. However, the long-term 
effects of cryogenic temperatures and cyclic mechanical loads on the properties of 
IM7/977-2 have not been thoroughly investigated. This dissertation included four studies 
related to the use of composite materials in cryogenic fuel tanks. Three directly address 
the effects of cryogenic temperatures on IM7/977-2 composites.
IM7/977-2 laminates were cryogenically pre-conditioned by exposure to thermal- 
mechanical loading that simulated the conditions seen by the tensile-side of a cryogenic 
fuel tank during use. The residual mechanical properties of the cryogenically-conditioned 
laminates and a set of as-fabricated laminates were measured in tension at 23°C, -196°C, 
and -269°C. This study showed that resin-dominated properties were the most strongly 
affected by cryogenic temperature. Transverse tensile modulus and transverse tensile 
strength increased significantly as test temperature decreased. In-plane shear modulus 
increased, whereas shear strength decreased at cryogenic temperatures. The longitudinal 
tensile modulus of unidirectional specimens was found to be insensitive to cryogenic 
temperature. However, large reductions in longitudinal tensile strength were observed. 
The tensile modulus of a quasi-isotropic laminate [45/903/-45/03]s was relatively 
unaffected by cryogenic test temperature, though its tensile strength decreased somewhat 
as test temperature decreased. The tensile modulus and tensile strength of an angle-ply
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laminate [±65]3s increased at cryogenic temperature. The tensile modulus of a [65/0/- 
65/90]s laminate was insensitive to cryogenic temperature, whereas its tensile strength 
decreased sharply with decreasing temperature, probably due to the reductions in 
interlaminar shear strength seen in the [±453]s specimens. The lamina-level tensile 
properties obtained from the [0 ]i2 and [±453]s specimens will prove useful as input to 
modeling efforts, aimed at analytically predicting the degradation of mechanical 
properties in cryogenic environments. Testing of the three laminates (Ortho-A, Ortho-B, 
and Ortho-C) yielded laminate-level strength and modulus data, which will be used to 
validate model predictions.
The temperature dependent coefficient of thermal expansion of unidirectional 
specimens of the same material was measured between -200°C and 0°C. The CTE 
measurements were performed using a strain gage method that incorporated a reference 
specimen, having a known CTE as a function of temperature. The measurements showed 
that the cryogenic conditioning did not have marked effects on the thermal expansion 
behavior of unidirectional 1M7/977-2. CTE was calculated by several methods. The 
method that relied on piecewise estimation of CTE was found to be sensitive to variations 
in the strain-temperature response of the reference specimen. Estimation of the slope of 
the temperature-strain curve by curve fitting decreased the sensitivity of the calculation to 
variations in the data.
The effects of test temperature, mechanical loading, and damage state on the leak 
rate of hydrogen gas through 1M7/977-2 laminates was evaluated using a novel testing 
system. Composite laminates were mechanically cycled to 4000 microstrain at 23°C to 
induce microcrack damage. Cycling was carried out in increments of 10,000 or 20,000
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cycles. Damage state was assessed by observing microcracks along the polished edges of 
the specimen. Failure to induce cracking in the 0° plies at the specimen midplane 
required assessment of leak rate by via an in-plane/through-thickness method. The leak 
rate of hydrogen gas through two specimens was assessed at room temperature and at 
cryogenic temperature under tensile strains that varied from 0 to 4000 microstrain.
The leak rate experiments revealed that both mechanical loading and cryogenic 
temperatures increase the rate at which gaseous hydrogen leaks through the microcrack 
network within a damaged composite laminate. By normalizing the measured leak rates 
in various ways, the effect of temperature on leak rate was shown to be stronger than that 
of tensile loading. At low damage levels proportionality was demonstrated between the 
number of crack junctions present within the laminate and the hydrogen gas leak rate. At 
higher damage levels, this proportionality was not as clear, perhaps due to the greater role 
played by delaminations in controlling the size of gas leak paths. These leak rate 
experiments produced the first known set of accurate data that demonstrated a 
dependence of the leak rate of hydrogen gas through a microcrack-damaged composite on 
laminate damage state, test temperature, and mechanical strain levels.
Post-testing assessment of microcracking within the first test specimen was 
performed. The observed crack density was compared to the edge crack data obtained 
during tensile cycling. Edge crack density was found to be higher near the specimen tabs. 
The crack density near the specimen centerline was shown to be lower than at the 
specimen edges. Damage in ±45° plies was shown to be largely comprised of short stitch 
cracks, distributed along 90° cracks in adjacent plies.
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Several commercially available polymeric films were evaluated for potential use as 
leak-resistant liners for composite cryogenic fuel tanks. The films were conditioned via 
moisture saturation, followed by isothermal exposure to a temperature of-184°C, or 
thermal cycling between -184°C and 65°C. The dynamic storage modulus and the static 
tensile properties of the films were measured at 65°C, 23°C, and -150°C. Large 
differences were observed in tensile modulus and tensile strength 23°C and 65°C. At 
-I50°C the differences in tensile modulus and tensile strength were far smaller than those 
observed at higher temperature, and the behavior of all of the films was uniformly brittle 
in nature. Toughness at cryogenic temperature is likely to prove to be the key mechanical 
property governing polymeric film performance.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
256
VII. FUTURE WORK
The characterization work of IM7/977-2 should be extended to include compression 
property measurement. Testing of tensile and compressive properties at some 
intermediate temperatures between 23°C and -196°C and between -196°C and -269°C 
will help to determine the cause of the nonlinear dependence of some mechanical 
properties on test temperature.
Future hydrogen gas leak rate experiments will be performed in through-thickness 
mode. Because the magnitude of thermally-induced transverse tensile stress is less 
dependent of laminate schedule than is mechanically-induced stress, thermal cycling will 
be used to induce microcrack damage within test specimens. A means of sealing the 
specimen edge will be required to prevent air flow into the control volume through edge 
cracks. Sealing of the vacuum side of the specimen, perhaps using a paint, may improve 
the quality of the data at low leak rates by reducing air ingress through surface cracks.
Future CTE testing, using the strain gage method, should be carried out in a dewer 
flask to minimize the heating rates, which assures thermal equilibrium of the specimens. 
Thermal cycling of test specimens, prior to testing, may improve the quality of the strain 
data. The source of the cyclic variation in strain obtained from the copper reference 
sample needs to be determined prior to further CTE measurement work. Temperature 
measurement capability to liquid helium temperatures needs to be obtained to allow 
characterization of CTE over the full range of temperature that a cryotank wall will 
experience. Liquid level gauges for both liquid helium and liquid nitrogen will have to be 
incorporated into the test apparatus to assure submersion of the specimens in cryogen.
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Because the test study indicated that toughness at cryogenic temperature is likely to 
the critical attribute of a polymeric cryotank leak barrier, further characterization work 
should look at the resistance of polymeric films to damage at cryogenic temperatures. 
Tear resistance of notched film specimens could be preformed with little change in 
fixtures or test methods. Resistance to damage due to folding and creasing at cryogenic 
temperature would be of interest. Test temperatures could be reduced further by using 
liquid helium as a cryogen in the environmental test chamber in lieu of liquid nitrogen.
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